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SUMMARY
This study, influenced by an interest in the history of electricity, 
explores the problems which many students experience in understanding 
the phenomena of capacitance, inductance, and electromagnetism related 
to motors and generators.
Interviews were conducted with school pupils, vocational students 
at technical colleges, and university/polytechnic students in their 
first two terms of degree courses. Interviewees were encouraged to speak 
of their difficulties encountered during electrical studies. The conver­
sation was guided towards a prepared framework of questions, supplemented 
by a number of drawings and diagrams, which were used to probe the students’ 
familiarity with the phenomena and concepts associated with them. The 
interviews were tape-recorded, and analysed with a view to determining 
the reasons for the learners’ difficulties.
Following an introduction commenting on the need for this research, 
there is a chapter concerned with the pioneers whose discoveries laid the 
foundations for capacitive and inductive knowledge. Then follows a 
chapter which considers some of the principal writings of the distinguished 
early electricians and electrical educators, with a survey of important 
textbooks for the three classes of learners. The next chapters give 
extracts from the interviews, and discuss the data obtained.
An important conclusion is that the majority of students of 
electricity fall into two distinct categories: "Visualizers" and
’’Mathematics", and that difficulties can arise when the needs of each 
are not well served by the instruction received or the textbooks used. 
Misunderstandings at an early stage of electrical education can be 
carried forward to higher education.
In the final chapter recommendations are made for improving the 
opportunities which could be given to both "Visualizers" and "Mathematics" 
to master the electrical fundamentals - these include the study of 
neglected historical texts, and the repetition of pioneers’ original 
experiments.
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PREFACE
Forty-five years ago, when I was struggling to grasp the 
fundamental principles of electrical engineering, in order to 
facilitate experiments which I was conducting with sound amplification, 
I experienced particular difficulty in following the treatment of 
capacitance and inductance in the Physics textbooks to which I had 
access. Innocently believing that older youths(who were trainee 
electrical mechanics) would be possessed of the understanding which 
escaped me, I made inquiry about the physical basis for some of the 
component functions. I was disappointed: those about to enter the
electrical industry had not gained a confident mastery of the basic 
principles.
In the interval of time there have been greatly expanded 
opportunities for technical education, and a plethora of electrical 
textbooks and electrical hobby magazines, yet most of the difficulties 
which I and others experienced in the past with capacitive and 
inductive concepts continue to perplex a considerable proportion of 
students.
I determined to research the reasons for the difficulties 
encountered by these contemporary learners, and to seek ways of 
ameliorating them.
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CHAPTER ONE
STUDENT PROBLEMS WHICH INVITE RESEARCH 
Introduction
For a number of years before undertaking this research 
programme I had been aware that a considerable proportion of 
students who begin the study of electricity experience 
difficulties in grasping the basic principles, and that these 
unresolved difficulties may remain troublesome to them for long 
periods of time. I had discussed these matters with school teach­
ers, vocational instructors, and those who received freshmen into 
university and polytechnic degree courses. Almost all agreed that 
a large proportion of learners suffered from problems and misunder­
standings associated with the fundamental electrical properties, 
principally those of capacitance, inductance, and electromagnetism 
related to motors and generators. As my interests in sound record­
ing and reproduction brought me into contact with manufacturers of 
electrical equipment, I was able to learn the opinions of industrial 
employers who accepted vocational trainees. They frequently commented 
on their new recruits’ weaknesses in the same areas of electrical 
education.
When i t  became possible for me to undertake an extended research 
programme concerning student learning problems, I decided to investig­
ate the reasons why so many learners experienced these difficulties 
with electrical fundamentals. I visited a large numbter of schools, 
technical institutions, industrial training groups and university 
and polytechnic first year Engineering and Physics students
2to hear what problems they had experienced. As a result of these 
conversations I received confirmation that the electrical phenomena, 
mentioned by the teachers and employers as specially troublesome, 
were in fact those which the students found hardest to master. My 
informal talks suggested that capacitive and inductive phenomena 
continued to be sources of anxiety to a considerable proportion of 
those who had been successful in gaining entrance to university/ 
polytechnic degree courses in Electrical Engineering, and that those 
at an earlier stage of their electrical education were often 
struggling uncomfortably to come to terms with these concepts.
In the course of my conversations with students (and their 
teachers) at different levels of study, i t  became apparent that 
they had l itt le  knowledge of the achievements of the great electrical 
pioneers of the past, and that in consequence they were unaware of 
the significance of their researches in relation to the fundamental 
principles being studied. As a historian I felt that this absence 
of information was disappointing, and that the opportunity for 
providing the students with interest, encouragement, and inspiration 
was being neglected. This was particularly so in connection with 
practical work in the laboratory, and only very rarely did the 
experiments recall those historical discoveries upon which so much 
of modern electrical practice depends.
The students at technical colleges following vocational courses 
appeared to suffer from very much the same problems with capacitance 
and inductance as the school pupils, and in view of the current 
widespread interest in computers and digital systems, I wondered if  
the teachers were sufficiently emphasizing the importance of the 
basic principles, and whether the beginners on most courses were 
skimping the traditional electrical fundamentals in their hurry to
3reach "more interesting" computer-associated studies. Moreover, 
because of the tendency in many schools and technical institutions 
to start the learners off upon a "systems approach" (that is, a 
"black-box" or modular approach), I questioned if the pupils were 
receiving sufficient instruction and getting the opportunities for 
personal experience in the investigation of basic principles through 
the use of discrete components. These thoughts were further stim­
ulated by the comment of the chief training officer of a large 
electrical laboratory, seeking the explanation for the disappoint­
ing performance of his latest trainees, who said:
"The interest in the software side of computing seems 
to have taken over, to the detriment of fundamentals."
Other discussions with works managers at domestic electrical 
equipment companies, and the engineers in charge of the Research 
and Development sections of audio manufacturers, confirmed that 
there was cause for concern about the uncertain grasp that many of 
the trainees had of these fundamental properties. One blunt 
manager of a well-known Midlands audio amplifier company exclaimed:
"There's a mighiy lot wrong with the training they ( the 
technical college youths) get now. When I show them simple 
circuits they can't make head nor tail of them. Don't they 
teach them basics? I want people who know about components, 
not the sort who can take li t t le  blocks and plug them into 
place."
Another considered opinion came from the recruiting officer 
of a major national company who said:
"Academically able recruits are always welcome, but they 
also need to know how circuits work, and be able to s it  down at 
the bench and sort out problems by means of the multimeter and 
oscilloscope. We s t i l l  require our trainees to have a good basic 
knowledge of electrical fundamentals."
The engineers responsible for industrial training within 
factories and the instructors on Maintenance courses agree that,
despite the financial rewards for properly qualified technicians, 
they are finding i t  increasingly difficult to obtain from the 
technical colleges those who have a sound understanding of basic 
electrical phenomena and a confidence in the handling of discrete 
components. The skilled and versatile electrical mechanic is in 
danger of dying out. This scarcity situation was outlined in a 
feature article in the journal Studio Sound under the title  
"Who Will Fix It?" I t concluded:
"Skilled maintenance personnel will continue to command 
a premium with today's digital technology in many locations.
One studio owner commented while cradling his four year old 
daughter on his lap, 'I used to think I wanted to send her 
to college. Now I think if  she can fix boards and decks 
she'll make more money than she could as a doctor or lawyer.' "
Another expression of discontent with the electrical education
in this country was made by Dr. John Scarborough, the Managing
Director of a Lancashire telecommunications firm, in an article
2which appeared in Technology Week who wrote:
"A critical factor in securing our growth is the recruitment 
of both electronics design and development engineers and tech­
nically qualified sales engineers. We have been actively recruit­
ing for over 12 months, but s t i l l  have vacancies in both categories. 
Advertisements have elicited a poor response. Recent graduates 
of our universities and polytechnics often appear to regard the 
bench and the soldering iron as museum pieces, and their knowledge 
of fundamental electronic circuitry principles is deplorably 
lacking. Their practical and revenue-earning value to a small 
company like ours is negligible in the short term. It seems absurd 
that after three or more years at university, we should then have 
to provide a basic training in electronics in order to gain a 
useful employee."
My conversations with students and their teachers on various 
Higher Education courses indicated that many had reached this stage 
with a rather shaky knowledge of electrical fundamentals. Some 
admitted that they had been successful in A-level work largely 
through a facility in the application of formulae and much practise 
in the technique of answering examination questions, rather than 
through a thorough understanding of the concepts involved in 
electricity and electronics.
5My inquiries about capacitive and inductive phenomena and 
the principles of electromagnetism related to motors and generators 
revealed that a considerable proportion of the students were con­
cerned about their own deficient knowledge, and anticipated further 
embarrassment as courses progressed. These preliminary conversat­
ions suggested that for many the school studies had largely consisted 
of rote-learning, or the acceptance of given information, without 
personal inquiry, experiment, or further thought, and that the pres­
sures of examination requirments, as much as personal indolence, 
were implicated in this inadequate preparation.
During visits to speak with students in the university and 
polytechnic laboratories, I was particularly struck by the fact that 
so few of the freshmen were enjoying their practical work, and I 
considered that this was linked to the astonishing fact that many 
on the benches appeared to have li t t le  understanding of the circuits 
with which they were working.
As a result of these early inquiries I resolved to investigate 
thesreasons why so many learners experience difficulties and problems 
with the fundamental principles of electricity and concentrate my 
attention upon the three areas which appeared to present severe 
difficulties to a considerable proportion of the learners: the
concepts of capacitance, inductance, and electromagnetism related 
to motors and generators, and their practical applications. By 
extensive interviews with school pupils, vocational trainees, and 
first-term university/polytechnic students on Physics and Engineering 
degree courses, I hoped to identify the most common difficulties 
which the learners had with the selected principles, and to trace 
the source of such difficulties. My preliminary inquiries had 
suggested that some contributory factors might be unsuitable text­
book presentations and illustrations (and their influence upon the
teachers using them); the speed of dealing with fundamental 
principles; the teachers1 own familiarity with the material; 
and the insufficiency of the practical work in the laboratory 
but I had every reason to suppose that much else would be 
discovered in the course of the research programme.
7Surprisingly, there appears to be no record of any research 
in the area of student learning problems directly associated with 
the concepts of inductance,and capacitance; however, valuable work 
has been done in the related field of schoolchildren and young 
persons' concepts of current, voltage, and resistance in simple 
(usually d.c.)circuits. Principal among these are investigations
concerning students' understanding of the concept "Potential" by
■2Gilbert (1977) » the students' use and understanding of particular
words in physics, including "Electric Current", using the Interview-
about-Instances method of investigation, by Osborne and Gilbert
(1979) ;^ childrens'' models of current flow in d.c. circuits, Osborne 
5 6(1981) and (1982) ; and the understanding of current, voltage and
nresistance in d.c. circuits, Shipstone (1982) ; secondary students'
g
understanding of energy, Brook and Driver (198*0 ; and elementary 
electricity, Black (1985)^.
These researchers found evidence of much misunderstanding, 
confusion, or personal interpretation within an "alternative framework" 
which was in conflict with the concepts required for the students' 
advancement in electrical studies. That result gave good reason 
to expect that students of the more complex phenomena associated 
with capacitance, inductance, and the electromagnetic properties 
of generators and motors would experience similar or more serious 
misunderstandings.
1.1
P rev ious R esearch in  th i s  F ie ld
8The primary purpose of this inquiry was to gain greater 
knowledge of the learners' problems in mastering the principles 
of capacitance, inductance, and electromagnetism related to motors 
and generators; and, to that end the study addressed especially 
these research questions:
a) Why did many students experience difficulties in under­
standing the essential electrical features of the capacitor 
and inductor, and the physical conditions governing their 
operation and functions in circuits? Similarly, why were 
many learners uncertain of the principles of electromagnetism 
in its application to motors and generators?
b) Were these fundamental principles receiving sufficient 
attention during the early stages of electrical studies.
c) Were the learners given sufficient practical experience 
of capacitive and inductive circuits, and the operation of 
motors and generators in the laboratory?
d) Were the learners successfully resolving their problems 
and difficulties, and in this were they receiving sufficient 
support from their teachers?
e) Were there problems particular to the vocational students 
preparing for industrial work?
f) Was there a relation between electrical hobby activity 
and performance on the learners' courses of study?
g) Were the textbooks used satisfactory to the learners' needs?
h) Could a knowledge of the electrical pioneers' researches 
and historical texts be of value to present-day learners?
1 .2
The P r in c ip a l  R esearch Q uestions Addressed in  th i s  Study
i) Could the inquiry discover new factors which could 
assist or detract from the learners' electrical studies?
j) Were the learners' critical of the content of their 
courses; of their methods of instruction; or of the 
laboratory procedures? What recommendations could they 
make to improve their chances of success and satisfaction 
in study?
IQ
My principal means of obtaining data was through an extended 
private interview with the three classes of learners, during which 
I explored the difficulties which they had in understanding the 
concepts of capacitance and inductance, and electromagnetism 
associated with motors and generators«, The school pupils were 
preparing for A-level examinations; the vocational students were 
those attending technical institutions, principally preparing for 
Technical Education Certificates; and the university/polytechnic 
students were first and second-term undergraduates reading for 
Physics or Engineering degrees.
The interviews began with an extended conversation in a 
relaxed atmosphere designed to persuade the students to speak 
without restraint concerning personal difficulties in mastering 
electrical fundamentals, followed by a tape-recorded semi-structured 
interview where conversation was guided towards a prepared body of 
questions which were supplemented by a number of drawings and 
diagrams shown for the purpose of exploring the student’s conceptions 
of capacitance, inductance, and electromagnetism related to motors 
and generators.
Every effort was made to put the student at ease by the 
exhibition of a genuinely sympathetic interest, and the person was 
encouraged to recall memories of problems or difficulties encountered 
during the early stages of electrical studies (and, subsequently up 
to the time of the conversation) which might relate to the area of 
investigation, and to learn as much as possible of the student's 
attitude to current studies: classwork, laboratory practicáis, and
textbook use.
1 .3
Research Method: In te rv iew s
In almost all cases, I was able to win the student's 
confidence and obtain a frank account of problems experienced, 
and to discover something of the methods which the student 
used to overcome them.
1.4
PARTICULAR AREAS OF INQUIRY
Knowledge of Basic Principles The Value of Practical Work Hobbies
I was particularly interested to learn of the students1 degree 
of familiarity 'with the basic theoretical principles, as well as to 
obtain information on their acquaintance with the formulae which 
mathematically describe the electrical phenomena. Similarly, I 
wished to hear from the students the estimate of value which they 
put upon the practical work undertaken in the laboratory, and to 
know whether they thought the balance of emphasis and time given 
to practicals and theoretical work was correct. Independently,
I obtained - whenever cooperation was granted - the opinions of 
teachers and demonstrators on the same subjects.
Another object of inquiry during the interviews was to learn 
if the school pupils and vocational trainees made a hobby of 
constructing electrical recreational equipment, and if  they felt 
that this was advantageous to their studies. Associated with this 
was a wish to discover what use was made of the electrical hobby 
magazines by the two groups of learners.
1.5
Textbook Use
An important area of inquiry was concerned with the textbooks 
used by each of the three categories of students. I t  was hoped to
12
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learn which texts were favoured by the students, and by their teachers, 
and how far the presentation affected the ease of study and under­
standing* I t was believed that i t  might be possible to refer some 
student difficulties to the use or neglect of the recommended books, 
so inquiries were made about the use of textbooks for private reading 
to supplement classroom and laboratory instruction* In addition, 
the potential of appropriate graphic illustrations to clarify 
theoretical principles was investigated.
1« 6
During the interviews particular note was taken of the students* 
criticism and comment on classroom and laboratory activity, with, a 
view to determine if  there was a pattern of discontent which marked 
each category of student, or the different levels of electrical 
instruction* All the interviewees were encouraged to make recom­
mendations for change and improvement which could be applied to 
their own courses, based on their study experiences.
The purpose of such inquiry was in large part to determine 
what possible actions might be taken by the teachers, in addition 
to their present efforts, to assist the learners to overcome the 
problems and difficulties which the research programme might reveal, 
and to gather information which might suggest classroom or laborat­
ory procedures which might contribute to improving the students* 
performance in their required work at different educational institut­
ions, and render their theoretical or practical work more rewarding 
to themselves and their teachers*
Ik
My discussions with teachers revealed that they (and in 
consequence their pupils) were almost wholly unaware of the 
sequence of discoveries in electrical research conducted by the 
late 18th and 19 th century pioneers, and that they were ignorant 
of the original scientific papers, reports, and early books through 
which they communicated their discoveries to fellow scientists and 
interested amateurs - and subsequently to the technicians who were 
drawn into the electrical industries.
I was interested to learn whether some of these publications 
could be of value to present-day teachers and students, and I sus­
pected that the comparative simplicity of the explanations of 
recently discovered electrical fundamentals had been overlaid with 
a complexity in the modern introductory texts which contributes 
little  to the students* mastery of these fundamentals. I therefore 
undertook a comprehensive study of the pioneers* published work, 
paying particular attention to their texts (and others inspired by 
their research), with a view to identifying what portions of the 
writing and graphic illustrations could be of value to modern students; 
and, with the purpose of noting how the original material had been 
adapted and presented in currently favoured electrical textbooks.
Thus there follows a survey of the discoveries of the pioneers’ 
researches in capacitance, inductance, and electromagnetism related 
to motors and generators, and the results which they published, and 
the electrical texts which developed from the new knowledge.
1 .7
The Value of H is to r ic a l  Texts
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EARLY ELECTRICIANS
2.1
Early Electrical Research
In the l8th century electrical studies were often undertaken 
by enthusiastic amateurs who followed personal interests and 
predilections. If they believed that they had obtained significant 
results, they proudly communicated these findings to the small number 
of widely dispersed natural philosophers whom they knew would 
appreciate their ingenuity and perseverance in gathering new know­
ledge of the world. Sometimes they were men of comfortable means 
with sufficient resources to indulge their intellectual curiosity 
in the physical world around them; of these, the most notable 
pioneers were Benjamin Franklin in America, and Henry Cavendish in 
England. They undoubtedly accomplished much to adyance the body 
of electrical and magnetic knowledge at- a time when so much remained 
to be investigated, yet their discoveries were hesitantly and slowly 
incorporated into European scientific thought. Franklin's researches 
were not built upon by the generation which followed him, so electrical 
experimentation remained neglected in America until the work of 
Joseph.Henry. There rwere also difficulties of communication:
Franklin was at a great distance, and his novel ideas relating 
atmospheric electricity to phenomena of electrostatic lab,oratory 
machines called for discussion and clarification which was denied 
to the Italian, French, German, and English natural philosophers.
The research findings of Cavendish^ * which might have been such a
lb"
CHAPTER TWO
vigorous stimulus to his scientific contemporaries, were withheld 
from publication by that perfectionist, and the mathmaticalf\
relations drawn from his researches on electrostatic charges 
reached few of the receptive minds of his time.
The limited number of 18th century natural philosophers who 
were professionals working within the universities were persons of 
scholarly disposition who had been drawn to the physical sciences 
because these offered an opportunity- to exercise their delight and 
fluency in mathematical manipulation, and they had behind them the
K/}
long tradition of the medieval (^ okivum (arithmetic, music, 
geometry, and astronomy). They tended to be "general practitioners'1 
expending their energy in the unspecialized natural philosophy of 
the time, which ranged through optics, chemistry and physics.
Magnetism and electricity were studied independently, though most 
thinkers felt that there was a close connection. That dichotomy 
was reinforced by the authorative opinion of Charles Augustin 
Coulomb (1736-1806), whose 1785 experiments with the attraction 
and repulsion of electrified bodies not only provided the scientific 
world with the first reliable mathematical formulae governing such 
bodies, but also left i t  with the conviction that magnetic and 
electrical phenomena were uttery distinct.
The electrical pioneers of the later 18th and early 19th 
centuries were deeply interested in the metaphysical theories of 
their time, for these speculations on the wider issues of space, 
time and matter, seemed to offer guidance in extracting some certainties 
from their investigation of the puzzling properties of electricity 
and magnetism.
Among the writers on metaphysics, none gained more respect than 
Emanuel Kant (172*f-l80*0, notwithstanding the fact that he had much
16
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to say on scientific matters which was based on abstract reasoning 
rather than practical experiment. From their study of his work 
they understood him to predict that systematic research would lead 
to a revelation of the unity of such natural forces as light, 
electricity, and magnetism; and, that he urged upon his readers an 
acceptance of the principle that the human mind is gifted with the 
faculty of apprehending an ordered system of laws in the physical 
world; the philosopher trained to effectively apply that faculty 
should gradually unfold the nature of an underlying basic force 
(Grundkrifte). So, a continually increasing body of reliable 
scientific knowledge, and ultimately, elucidation of the Grundkrafte, 
appeared to be guaranteed to the properly directed energies of the 
natural philosopher who accepted the ideas which Kant promulgated 
in the Critique of Pure Reason (1781). To natural philosophers 
teased by the mysteries of electricity and magnetism, there was a 
great deal of encouragement to be had from a system of metaphysics 
which taught that human intuition was specially atuned to receive 
truths about the real world associated with their laboratory experiments.
They were particularly interested in Kant’s personal interpret­
ation of matter and space, for he rejected Newton’s corpuscular 
theory and his centrally acting forces at a distance. By Kant’s 
theory, matter is a continuous quahtity consisting of moving forces 
of attraction and repulsion, and he accepts the existence of an 
aether which fills  all space, interpenetrates all matter, and 
possesses a spontaneous and perpetual motion. Kant’s forces suffic­
iently resembled the familiar behavidr of magnets, and his aether 
could be associated with* the supposed "imponderable fluids” of 
electricity.
18
These were intriguing concepts designed to stimulate 
the adventurous among the natural philosophers. Yet comparatively 
l i tt le  of lasting worth was; accomplished by these early electricians 
before 1800. To the modern individual i t  may appear incomprehensible 
that these researchers of undoubted intellect and conscientiousness 
should have made such slow progress, but they were struggling to 
understand the behavior of new and complex phenomena with the most 
primitive of tools. Their magnetic materials were naturally occur­
ring ores or needles which had been stroked with loadstones, and 
their apparatus was without astatic neutralization of the earth’s 
magnetic field. Electrical research was dependent on the mechanically 
operated influence machines or the brief discharges of Leiden Jars, 
and in the absence of a source of continuous electromotive force, 
controlled measured and repeatable experiments were frustratingly 
difficult. Moreover, they were attempting to establish fundamental 
electrical and magnetic laws before the properties of voltage, 
current, resistance, flux density, permeability, and reluctance 
had been identified, and before there were any received units by 
which to measure and compare quantities.
I t  was the momentous invention of the ’’electric pile” which 
revolutionized the state of electrical research. This was the 
achievement of Alessandro Guiseppe Volta (l7V?-l827), who held the 
chair of natural philosophy at the university of Pavia for forty 
years. This painstaking experimentalist was known from youth as 
a person with a special ability to call forth imaginative devices 
to further his studies, and had invented a useful charge-building 
instrument, the Electrophore, early in his professional career. 
According to the memories of his pupils, Volta's teaching, in 
contrast to that of other academic natural philosophers, was 
marked by the absence of mathematical reasoning, and was centred 
upon practical experiments often employing inexpensive, simple 
instruments of his own devising. He can be recognized as a 
’’Visualizer” rather than a "Mathematic". His rivals sneered at 
the minimum use which he made of mathematics in his lectures, and 
noted how he avoided those divisions of Physics which demanded a 
rigorous mathematical approach. In the 1790's, when attacked by 
Barletti on this account, although deeply respected by his students 
and admired by his colleagues for his brilliance, he was nevertheless 
obliged to justify his personal, very effective educational methods 
to his superiors.
This was the very time when he learned of the ’’discovery" of 
Luigi Galvani, and determined to observe for himself the alleged 
"animal electricity". He quickly found that Galvani was mistaken, 
and his own research convinced him that the electric charges arose 
from the contact of dissimilar metals, and that frogs' legs were 
quite unnecessary for their production. In the course of multiple
19
2 .2
V olta  and th e  E le c t r ic  P i le
controlled and recorded experiments extending over a number of
years, he established which metals produced the strongest electrical
charges. For the most part, his experiments required no more than
simple arithmetic proportions, involving comparisons of the effects
of charges built up in different Leiden Jars, and the comparative
strengths of current obtained from a variety of dissimilar metals,
separated by brine-soaked cardboard* His most sensitive instrument
•was nothing other than a straw electroscope, and he never worked
to a measured accuracy greater than a single degree of the compass,
Volta did not undertake the establishment of a theory which
summarized the effects of electrical phenomena in mathematical
formulae. That he left to the professed mathematicians, Ohm,
Lena, and Ampere, who, provided with a source of controlled
current electricity,!, were afterwards able to experiment and theorize
in the numerical mode which was natural to them.
When satisfied that his "electric £>ile" had been proved and
was ready for the scientific community, Volta communicated the results
of his experiments and the design of his invention to Sir Joseph Banks,
the President of the Royal Society at London, in a letter of the 20th
March, l 800. This was published in the most prestigeous scientific
journal of the day, the Philosophical Magazine under the title :
"On the electricity excited by the mere contact of conducting
2substances of different kinds." I t  is a descriptive, qualitative 
account of the invention and its application, and measurements are 
used only in the very simplest sense.
Volta could scarcely have forseen the quantity and intensity
of the research which followed directly from this new source of
3electromotive force. In the succeeding thirty years almost all 
the British and European natural philosophers introduced the 
"Electric Pile" Cor its variation, the "Grown of Cups") into their
20
laboratories, and with its aid a plethora of new discoveries 
and theories emerged which marked the transition from the age of 
electrical ignorance to the age of electrical science. Within 
twenty years Oersted was able to establish proof of the long- 
supposed relationship of electricity and magnetism.
22
Hans Christian Oersted
Hans Christian Oersted (1777-1851) weis predisposed to believe 
that careful investigation could elucidate the connection between 
electricity and magnetism, for he was both an ingenious practical 
experimenter and a devoted student of Kant's metaphysics. Accord­
ing to his understanding of Kant's metaphysical theory, all exper­
ience to which the human senses react and the human reason can 
comprehend is ultimately dependent on attractive and repulsive 
forces. Oersted accepted that heat, light, electricity, and 
magnetism - those preoccupations of the natural philosophers - 
were all modifications of the Grundkrafte, and conversion of 
one force to another was held as more than just a possibility, 
rather a constant challenge. Oersted himself had dared to 
anticipate this as early as 1812 in his publication, Researches on. \ 
the Identity of Electricity and Chemistry.
Oersted accepted the "Two Fluid" theory of electricity with 
its attendant conflict of Positive and Negative electricity in 
current-carrying circuits, and his experiments with his electric 
piles had familiarized him with the heat and light which very thin 
metal wires developed when connected to their terminals. He argued 
that magnetic forces might also be caused by "electric conflicts", 
and because of the interchangeafoility of forces, a sufficiently 
powerful electric current might demonstrate qualities similar to 
those possessed by magnets.
He had, in common with Michael Faraday, a wonderful ability 
to conceive "in his mind's eye" novel experiments and arrangements
2 .3
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of laboratory equipment which could clearly demonstrate particular 
effects for the greater understanding of his students or the 
interested public attending his lectures. In his teaching,, like 
Volta, he sought explanations and demonstrations of the most 
direct and simple sort, avoiding complex mathematical presentation, 
and deliberately set out to popularize natural philosophy by 
building upon the familiar ordinary experiences of his students, 
rather than adopt an abstract mathematical approach. Both his 
extrordinary popularity with his students, and the remarkable 
extention of Danish scientific education testify to the effective­
ness of his programme of imaginative experiments, which was 
strongly in contrast to the emphatic mathematical approach of 
most of his European academic contemporaries.
In the winter of 1819 Oersted was in the process of 
demonstrating) the ability of a voltaic pile to heat a wire 
red-hot, when he observed that each time his assistant made 
or broke the connection, there was a deflection of a compass 
needle lying below the wire. He subsequently confirmed, by 
experiment, that he had indeed discovered the interaction of 
electricity and magnetism, and that current-carring wire was 
surrounded by a circular magnetic force. He appreciated the 
great significance of the phenomenon, and on July 20th, 1820 
sent to scientific acquaintances throughout Europe a paper 
in Latin: Circa Effectum Conflictum Electric! In Acum Magneticam
which sparked off the new and wonderful study of electrodynamics. 
I t  was this paper which Michael Faraday read a few months later 
in an English translation: "Experiments on the effect of a
ifcurrent of electricity on the magnetic needle."
2k
Oersted’s paper is a plain account of his equipment and 
the results obtained: i t  contains no mathematical analysis,
nor theory related to the phenomena observed. The words used 
in description of the primary effects are characteristic of his 
mechanical, non-mathematical language:
’’Let the straight part of the wire be placed horizontally 
above the magnetic needle, properly suspended, and parallel 
to i t .  If necessary, the uniting wire is bent so as to 
assume a proper position for the experiment. Things being 
in this state, the needle will be moved, and the end of i t  
next the negative side of the battery will go westward.
If the distance of the uniting wire does not exceed three- 
quarters of an inch from the needle, the declination of 
the needle makes an angle of about 4f? . If the distance is 
increased, the angle diminishes proportionally. The 
declination likewise varies with the power of the battery.”
Oersted’s publication excited the brightest scientists 
of the time to further their researches, and men like Arago and 
Ampere immediately set to work with enthusiasm to explore the 
phenomena, with the result that /they soon produced a body of 
theory expressed in rigorous mathematics, which satisfied their 
instinct for precision, consistency, and predictive measurement.
Among those who partook of the excitement of the new discovery 
was the astronomer Dominique Francois Arago (1786-1853) who witness­
ed the verification of Oersted's experimental results at Jeneva, 
and on returing to Paris, repeated Oersted's experiments and 
continued research in his own laboratory in the company with his 
friend, AmpWe. Within a few months he could advise the scientific 
world that he had found i t  possible to magnetize iron by winding 
i t  in current-carrying wire.
2 .4
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2.5
Arago*s Researches
In 1825 Arago was honoured by the award of the Royal Society’s 
Copley medal for his work on the phenomenon of Magnetic Rotation, 
now known as "Arago’s Disk". He had shown that i t  was possible for 
a rotating ospper disk to deflect a magnetized needle supported above 
i t , -  an action which Faraday was later to explain in terms of his 
theory of induction. In addition to these discoveries, Arago may 
have made his greatest contribution to the development of electrical 
science by inspiring Ampere to concentrate his keen mind and impetuous 
energy upon the investigation of electrodynamic problems.
2.6
Ampere’s Research
* vBefore the end of 1820 Andre Marie Ampere (1775-1836) was able 
to demonstrate that two parallel current-carrying wires in close prox­
imity could attract or repulse each other, according to the direction 
of their currents: attracting when in the same direction, and repuls­
ing when in opposite directions. Ampere, a wonderfully gifted mathem­
atician who was deeply imbued with the traditions of Physics, was 
presented with what appeared to be a conflict with the Newtonian theory 
which only acknowledged central acting forces, and conflicted equally 
with the teaching of Coulomb that electricity and magnetism could not 
interact. His response was to interpret the phenomena in a way which 
denied the existence of one of these properties. According to Ampere, 
the magnetism exhibited by Oersted's experiments was but a particular 
aspect of the behavior of the "two fluid" electricity in motion, 
related to the "conflict" of positive-going fluid in one direction, 
and negative-going fluid in the other direction; and, he explained 
the qualities of the permanent magnet by assuming that the magnet
possessed internal circuits of electrical currents.
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Ampere was primarily a mathematical physicist, and his chosen 
model was one which would allow an analysis likely to produce equat­
ions for the transmission of the forces in which he was interested.
When the resulting calculations satisfied him» he was not disposed 
to further investigate in exhaustive fashion any apparent inconsis­
tencies or unsolved problems in the physical nature of the expérimen­
tal situation - as Faraday consistently did.
Ampere’s elaborate mathematical theory of electrodynamics was 
ultimately based on the principle that electric currents circulated 
around each molecule within metal substances. His theory was receiv­
ed with enthusiasm by the skilled mathematicians among the natural
g
philosophers who admired its elegance, but i t  was regarded with 
some reservation, even skepticism, by those who were substantially 
empirical researchers - like Faraday - and some* believed there 
was scant evidence from the physical world to justify the complex 
theory.
2.7
The Discovery of the Solenoid
Ampere’s seven-year study of electrical science was crowned by 
the discovery that a length of wire, when wound into a helix, produced 
a great multiplication of the magnetic effects, and that i t  developed 
pronounced North and South poles at its ends. This simple device, 
which he named a "solenoid”, was to provide Joseph Henry and Faraday 
with an invaluable tool for their subsequent research and invention.
2.8
Ohm’s Law
Studies to further the knowledge of electrical phenomena were 
pursued with vigour in Germany in the years immediately after Oersted’s 
discovery. Notable among the successful workers was George Ohm (1787-185 )^ 
whose carefully organized experiments and very precise measurements
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allowed him to frame the vitally important law named after him, 
to the effect that thfe current in a (d.c.) circuit is directly 
proportional to the electromotive force, and inversely proport­
ional to the resistance of that circuit* That the scientific 
men of the world should fail to appreciate his 1827 law for some 
20 years afterwards is one of the mysteries of history. His 
paper clarified the properties of current, electromotive force, 
and resistance, which were only half-understood by his contem­
poraries. I t seems to be the case that the concepts - which 
modern schoolchildren learn early in their Physics classes - 
were then curiously strange and difficult to grasp, both in 
their theory and laboratory practice. As a result of the paucity 
of reference to Ohm's laws in the scientific journals, both Henry 
and Faraday in their formative years of electrical studies remained 
innocent of formulae which could have advanced their research, 
and might have modified the purely qualitative approach which 
they used.
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The hunger for knowledge of electricity and magnetism was 
considerable among the amateur scientific societies of America, 
and i t  has been recorded that the person who was to be the most 
distinguished electrician of his country, Joseph Henry (1797-1878), 
was in youth stimulated to advance his study of the subject through 
participation in the meetings of the two local societies at Albany. 
Henry, in his history of self-education, and firm commitment to 
working men’s educational improvement groups, is closely comparable 
to Michael Faraday in his similar activities, some ten years earlier 
in Britain.
Henry possessed a number of other personal and professional 
characteristics which were similar to those of Faraday: like him
he was of a naturally serious disposition, and -was deeply influenced 
by a quiet and personal religious faith. Both were convinced that 
their systematic research could reveal a divine design in the organ­
ization of natural forces. Both were modest persons dedicated to 
the betterment of human life  by scientific investigation, and both 
resisted the temptation to grow rich by commercializing their dis­
coveries. Henry, too, was familiar with only a l i t t le  of the 
mathamatical knowledge of his time, and being a man who instinctiely 
interpreted electrical phenomena according to the known behavior 
of mechanical things, sought no deep study of mathematics. Although 
accurate when working within his limitations - he did briefly serve 
as a surveyor - he never used anything other than simple arithmetic
calculations in his experimentation and scientific papers.
In early youth, inspired by the chance reading of a popular
introduction to contemporary science, Henry determined to gain an
2 .9
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an entrance to that profession. He then lived at Albany, a small 
town in New Jersey,,. which lacked the educational facilities of 
larger cities, but i t  was a place where there was a strong drive 
towards self-improvement through education, Henry attended 
several night-school classes and busied himself in the activities 
of the local amateur scientific societies. His eagerness to learn 
brought him into contact with one of the town's leading intellectuals, 
Dr, Beck, who engaged him to assist with the chemical experiments 
which he demonstrated before the interested townsfolk. By 1826,
Henry had so won the esteem of Dr. Beck, that he was appointed to 
an academic post at Albany College. The title  sounded grand: 
"Professor of Mathematics and Natural Philosophy", but in truth 
i t  was greatly misleading: Albany College was a small secondary
school with only four teachers, and the "mathematics" consisted 
in the rudiments of arithmetic, and the "natural philosophy" was 
in fact simple chemical experimentation.
From youth Henry was fascinated by electricity and magnetism, 
however, his provincial location isolated him from contact with 
the major developments which were taking place across the Atlantic, 
and that disadvantage was a severe impediment in his years of 
apprenticeship and his early professional work. He was, in effect, 
a self-educated man of science, and a born experimenter who persis­
ted with his researches often in ignorance of what was being done 
elsewhere along the same lines, and not infrequently learning of 
the European progress from the scientific journals which reached
him belatedly. He began his work guided by the textbooks which
7were already somewhat out of date, like those of Abbe Nollet' and
g
Joseph Priestley. He knew also of the experiments which Benjamin 
Franklin conducted at Philadelphia, and had the benefit of inheriting
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the tendency of the American natural philosophers to accept 
Franklin*s "Single Fluid” theory of electricity, which avoided 
the complications and the inconsistencies of C.F. Dufay's "Two 
Fluid” theory which outside America was generally held in approval.
In the same year that he received his teaching appointment,
Henry learned of the wonderful invention of William Sturgeon (1783-
I85O), the irascored electromagnet. He examined a specimen at
New York and immediately began experiments to modify i t .  He was
so successful in his efforts that by October 1827 he \©s able to
read a paper before the local science society, the Albany Institute,
on his redesigned electromagnet, and to demonstrate that he had
transformed i t  from an ingenious scientific curiosity to a practical
machine with an immediate application in Industry. However, he did
9not publish his paper until I 83I , for with Henry i t  was a habit 
to withhold the printed reports while he refined and perfected his 
experimental methods and the results obtained. This procrastinat­
ion more than once resulted in other researchers being credited 
with prior discovery of phenomena which he had pioneered.
2.0.0
Henry's Electromagnets
What $enry had done was to bend a soft iron bar of i  inch diameter 
into a horseshoe shape, then he had obtained thin copper wire (of 
the type which was run through conduits to operate bells in large 
domestic establishments) and insulated the wire with strips of silk 
cut from his wife's petticoat. The wire was then wound into hOO 
turns around the horseshoe. (That insulated wire replaced Sturgeon's 
few widely-spaced turns around a varnished iron core.) The wire was 
then attached to plates of copper and zinc suspended in troughs of 
saline solution or acid.
Henry's purpose, he wrote, was to "create the greatest lifting 
power with the least expense of galvanism". His electromagnet was 
the first multi-turn, multi-layer electromagnet, and was immensely 
more powerful than any magnet had ever been before. In summarizing 
his results, Henry displays that his approach is very much that of 
a qualitative investigator who does not examine relationships in 
a mathematical manner:
"The experiments conclusively proved that a great 
development of magnetism could be effected by a 
very small galvanic element, and also that the 
power of the coil was materially increased by multi­
plying the number of wires, without increasing the 
length of each....The effect appears to depend in 
some degree on the number of turns, which is much 
increased by using a number of small wires."
I t  is clear that Henry's research did not follow from abstract
' _v-‘. . i ; v .-ni ’.
mathematical reasoning; i t  is much more likely that his experiments 
were the practical applications of visualized situations within a 
mechanical context. When the experiments were carried out he was 
quick to observe general relationships and essential connections, 
but he does not *introduce comparative measurements of specific 
lengths of wire, nor correlate readings given by his "galvanometer" 
as an instinctive "Mathematic" would have done.
2.11
Henry Discovers Impedence Matching
Henry seems to have been the firs t person to have experimented 
with series and parallel circuits. He used both forms of wiring 
when connecting batteries, and in the windings of his electromagnets 
and he recognized the different effects that these arrangements 
could provide. (The modern terms "series" and "parallel" had not 
then been coined, but Henry described his batteries connected in
series as the "intensity" arrangement, and those in parallel as 
the "quantity" arrangement. Those terms remained in use for the 
next thirty years.) In addition, Henry identified the need for 
matching impedences (though, in his case he was dealing with 
resistance in direct currents): he pointed out that to get the
maximum power transferred i t  was necessary to connect a "quantity" 
battery to a "quantity-wound" electromagnet. Henry's discovery 
of the properties of series and parallel, and the desireability 
of impedence matching were major scientific achievements. I t  is 
the more wonderful when i t  is remembered that Henry had not even 
any regular units of measurement - certainly no electrical units 
for potential and current, and i t  is highly unlikely that he had 
any understanding of Ohm's laws, which were l i tt le  known outside 
Europe (and originally presented in a mathematical form which 
Henry would not have comprehended.)
2.12
Henry's Electric Motor
The exact chronology of Henry's experiments and discoveries
is difficult to establish, for unlike Faraday, he did not keep
careful laboratory notebooks, and his published papers usually
refer to work which was considerably in the past. In 1831 Henry
11published a description of the first electric motor. This 
anticipated by a few months what Faraday was doing at the -Britiirff 
Institution - neither man knew of the other's activity at the 
time. Henry's electric motor used electromagnets with a reeip- 
rocal action and incorporated his invention of the Commutator,
which vjas to be an essential component in subsequent industrial 
d.c. generators and motors. Like his improved electromagnet, 
Henry's electric motor was quickly given a practical application 
in industry. By 183^  Thomas Davenport of Brandon had built his 
own version of Henry's reciprocating electro-magnetic motor, and 
in the same year, Thomas Edmunson of Baltimore announced a modif­
ication which allowed the machine to perform a rotary motion.
The great potential of the electric motor was appreciated and 
a large number of engineers applied their skills to improving 
its efficiency. The contemporary position is summed-up by J.P. 
Joule, who wrote in 1839•
"The improved plan by Professor Henry of raising the 
magnetic action of soft iron, has developed a new and 
inexhaustible source of* force which appears easily 
and extensively available as a mechanical agent; and 
i t  is to the ingenious American philosopher that we 
are indebted for the first form of a working model of 
an engine upon the principal of reciprocating polarity 
of soft iron by an electro-dynamic agent."
Working in isolation in Albany, Henry did not learn of 
Faraday's 1831 experiments and discovery of electromagnetic induct­
ion until 1832, and that information came to him not through the 
advice of fellow scientists, but through the pages of the popular 
journal, The Library of Useful Knowledge. (Issue No. 117). As he 
had spent several years conducting tests with electromagnets, and 
had observed inductive effects when two or more of his electro­
magnets were in close proximity, he was considerably upset to 
learn that Faraday had preceded him in writing a report on this 
phenomenon. He quickly prepared an article for publication in 
America which would give an account of his own research along
parallel lines to Faraday's. I t  appeared in the $uly issue of
13The American Journal of Science.
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In his article Henry describes the use of his extremely 
powerful electromagnet capable of lifting 600-700 lbs., and how 
he had carried out an experiment whereby, across the poles of 
this electromagnet was placed a soft iron armature wound round 
with thin varnished-copper wire, the ends of which were connected 
to a galvanometer. When the electromagnet was energized by 
contact with the terminals of the battery, the secondary circuit 
in the armature caused th galv4nometer needle to deflect. He 
summarizes the experiment:
"The experiment illustrates most strikingly the recip­
rocating action of the principles of electricity and 
magnetism, if  indeed i t  does not establish their 
absolute identity. In the first place, magnetism is 
developed in the soft iron of the galvanometer magnet 
by the action of currents of electricity from the 
battery; and, secondly, a ¡¿¡separate bar of iron, render­
ed magnetic by contact with the poles of the magnet, 
induces in its turn currents of electricity in the 
helix which surrounds i t .  We have thus, as i t  were, 
electricity converted into magnetism and this magnetism 
again into electricity." Ik
2 .13
H enry’s  Experim ents w ith  In d u c tio n
Henry had demonstrated mutual induction as Faraday had done, 
but he had used separate iron cores, not the single ring-care 
employed some months earlier in England, and he was primarily 
interested in electromagnetic effects brought about in two static 
coils, while Faraday had, in addition, investigated the inductive 
effects of the moving magnet. Henry and Faraday, without doubt, 
working in total ignorance of each other's research, had between 
them laid the foundations of electrical engineering.
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At the end of the 1832 paper Henry wrote of another of his 
major discoveries, almost unwillingly because he had then not had 
the opportunity to exhaustively analyse the phenomenon: i t  was
what he called "extra current", which modern terminology calls 
electromagnetic self-induction, a property which was to become 
of fundamental importance to future communications, power supply, 
radio transmission and reception, and inumerable other electrical 
engineering operations. Again, Henry*s own words demonstrate that 
he offers only a qualitative description without further mathemat­
ical analysis of the interplay of the materials, the dimensions, 
the alternatives, and the effects:
"I have made several other experiments in relation to 
the same subject, but which more imporatant duties 
will not permit me to verify in time for this paper.
I may, however, mention one fact which I have not 
seen noticed in any work, and which appears to me to 
belong to the same class of phenomena as those before 
described; i t  is this: when a small battery is moder­
ately excited by diluted acid, and its poles, which 
should be terminated by cups of mercury, are connected 
by a copper wire not more than a foot in length, no 
spark is perceived when the connection is either formed^  
or broken; but if  a wire of 30 or 40 feet long be used 
instead of the short wire, though no spark will be 
■ perceived when the connection is made, yet when i t  is 
broken by drawing one end of the wire from its  cup of 
mercury, a vivid spark is produced.
. . .  The effect appears somewhat increased by coiling 
the wire into a helix; i t  seems also to depend in some 
measure on the length and thickness of the wire. I can 
account for this phenomenon only by supposing the long 
wire to become charged with electricity, which by its 
reaction on itself projects a spark when the connection 
is broken."
2 .1 * t
Experim ents w ith  S e lf - In d u c tio n
In November 1832 Henry was invited to f i l l  the Chair of Natural 
Philosophy at the College of New Jersey (later to become Princeton
University), and he accepted^it. Despite heavy administrative
duties, inventions and discoveries continued to come from his
laboratory during the next few years. Among the most important
16of these was the 1835 electromagnetic relay. In that device 
a low powered electromagnet could be activated from a distance, 
and by attracting a second electromagnet, could complete the 
circuit of high power.
17In the same year, 1835» Henry published the first account 
of that very important arrangement, the non-inductive winding.
Once more, his description is non-mathamatical:
(After describing strips of insulated copper, nearly 
an inch wide, and coiled into a spiral) . . .  "One of 
these ribbons was next doubled into two equal strands, 
and then rolled into a double spiral with the point 
of doubling at the centre. By this arrangement the 
electricity, in passing other spirals, would move in 
opposite directions in each contiguous spiral, and i t  
was supposed that in this case the opposite actions 
which might be produced would neutralize each other. 
The result was in accordance with the anticipation; 
the double spiral gave no spark whatever, while the 
other ribbon coiled into a single spiral produced 
as feefore a long snap," 18
In 1836, during a sabbatical leave of absence, Henry travelled 
to the continent of Europe and to Britain, where he met and joined 
in experiments in the laboratories of William Sturgeon, Charles 
Wheatstoneand Michael Faraday. At London Faraday invited him to 
lecture at the Royal Institution ’'The Mathematical Aspect of his 
Work”. The embarrassed Henry, who had nothing to offer on that 
subject, declined, saying that: "He had come to learn, not to
[i'instruct.
2.15
Experiments with Transformers
Henry's extremely important transformer studies were brought
before the American scientists in his paper read at the American 
Philosophical Society in 1838, ^  This paper explained that by 
adjusting the number of turns on the primary and secondary coils, 
i t  was possible to step-up and step-down voltage* He summarized 
the results:
"It established the fact that an 'Intensity1 current 
can induce one of 'Quantity', and, by the preceding 
experiment, the converse has also been shown, that a 
'Quantity' current can induce one of 'Intensity'." 20
He also reported on the findings of his investigation of the 
screening of coils, and recommended the avoidance of solid iron 
in the construction of transformers to cut down Eddy currents - 
he recommended bundles of wire for cores - and anticipated the 
modern laminations.
2.16
Experiments with Oscillators
Henry investigated the important electrical phenomenon of
oscillation of currents, and related these to the discharge of
Leiden Jars in another non-mathematical paper, read before the
21American Philosophical Society in 18^2. Henry concludes:
"The discharge, whatever may be its nature, is not 
correctly represented (employing for simplicity 
the theory of Franklin) by the single transfer of 
an imponderable fluid from one side of the jar to 
the other; the phenomena require us to admit the 
existence of a principal discharge in one direction, 
and then several reflex actions backward and forward, 
each more feeble than the preceding, until the equil­
ibrium is obtained."
It was William Thomson (later Lord Kelvin) who undertook the 
mathematical analysis and provided the formulae for calculating
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oscillation, and showed that their periods, intensities, and damping
22were related to their capacity, self-inductance and resistance.
Henry was also an early pioneer in wireless telegraphy, and 
experimented with signals in the form of discharges from Leiden Jars 
passed through inductors, and received at a distance of many yards 
by other inductors attached to galvanometers. Moreover, Henry 
understood the basic nature of the electromagnetic waves he was 
employing, and in that he anticipated James Clark Maxwell’s first 
studies by about 12 years. In a paper given in 1851 before the 
American Association for the Advancement of Science, he explained:
”. . .  (they) are propagated wave-fashion. (these inductive 
effects)extend1 to a surprising distance; and, as they 
are the result of currents in alternating directions, they 
must produce in surrounding space a series of plus and 
minus motions, analogous to, if  not identical, with the 
undulations.” 23
Joseph Henry’s activities as an electrical researcher virtually 
came to an end with his appointment, at the age of ^9, as Secretary
2ifto the Smithsonian Institute at Washington. Although the rest of
his life was spent as an administrator, he can be credited with the
fine accomplishment of having introduced Physics as a serious study
to the American universities. Revered in his own country, Henry
25was not given adequate recognition abroad. Appreciation of his 
pioneering work only came posthumously with the publication of his 
collected papers, issued as Scientific Writings of Joseph Henry. 
by the Smithsonian Institute, Washington, in 1886.
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The person who carried out the most extended and comprehensive 
early 19th century researches on Electricity and Magnetism, and who 
must he credited with some of the most momentous discoveries of his 
time was Michael Faraday (1791-186?). He had the benefit of very 
l i tt le  formal education. His brief schooling provided him only with 
what he himself described as "the rudiments of reading, writing and 
arithmetic" b,efore the poverty of his family obliged him to be put 
to work when s t i l l  a young child. However, i t  was his good fortune 
to become the messenger-boy to a bookseller/bookbinder who recogniz- 
his exceptional thirst for knowledge when he observed the boy avidly 
reading the books and journals which he carried; and who, in kindness 
gifted an apprenticeship without premium.
Because of his extreme modesty and reticence, we can learn li t t le
about his boyhood from Faraday himself, but the documents gathered
26by his principal biographers, and the considerable body of his 
personal notes, diaries, and letters to close friends supply a clear 
picture of his personal characteristics. Above all things, there is 
an insatiable desire to learn what was not already known of the 
physical nature of the world; this is the principal motive governing 
his dedication to a life of methodically planned research. In all 
his studies he was extraordinarily persevering, and inh is practical 
experiments unusually patient and confident - within the restricting 
bounds of modesty - that properly organized investigation would unravel 
fundamental laws of nature.
One of the striking features of his personal notes, laboratory 
records, and communications with young contemporaries, is his pre-occupation
2.17
M ichael Faraday
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with mechanical effects, observed or anticipated, and the absence 
of mathematical involvement* In later periods of his life he did 
not alter this approach* His numerous scientific papers contain 
scarcely any reference to mathematical relationships - in place 
of those he gives vivid graphic descriptions of his experiments, 
findings, and speculations. Faraday*s work built upon what was 
already discovered by predecessors such as Oersted, and Davy, 
and like them he believed that careful laboratory research might 
provide the key to a great universal principle which somehow 
governed and connected the vital forces represented by electricity 
magnetism, light, and gravity. However, Faraday had neither the 
training nor the inclination to attempt a unification of the great 
forces by means of mathematical theory. For him physical experiment 
was paramount. From Faraday's laboratory notebooks giving the 
record of the August 1831 "Experiments on the Production of 
Electricity from Magnetism", i t  is certain that while in almost 
every instance he was testing some theory which he had formed, 
there was no mathematical basis; instead, there was a graphic 
picture of what he expects to happen based on some mechanical 
action or analogy.
The popular notion of Faraday making chance, but vitally import­
ant electrical discoveries, during 30 d&ys isolated research in 1831* 
is quite absurd and misleading. His interest and involvement in 
electrical studies dates back to his youthful experience as laborat­
ory assistant to Sir Humphrey Davy, and his personal notes prove 
how conscientiously he applied himself and kept abreast of the current 
electrical knowledge of his time. During his "apprenticeship years" 
with Davy he was active in assisting in those novel and exciting
electrical experiments which the voltaic pile allowed - previously 
impossible when such activities were limited to the laboriously 
produced charge obtained from the electrophorus or the friction 
machines. Thus Faraday was one of the first persons in England to 
take part in experiments concerned with the magnetization of iron 
and steel by electrical currents.
During Faraday’s time with Davy he was reading widely in all 
the scientific literature available, and, by his own account, con­
ducting such personal experiment as his meagre funds allowed. His 
book-lists show that electrical studies took a prominent place in 
his self-education. He was therefore well-prepared to seize the 
opportunity for advancement when in 1821 he was asked to write a 
long article on electricity and magnetism for the Annals of Philosophy. 
I t  appeared under the title , "A Historical Sketch of Electricity 
and Magnetism".
2 .18
Electromagnetic Rotation
As a conscientious practical worker he carried out almost all 
the experiments of Oersted, Arago and Ampere about which he wrote. As 
early as December 1821 Faraday had discovered the new phenomenon of 
Electro-magnetic Rotation. (Where he showed that a wire, into which 
he had made a crank shape, lightly suspended and connected to the 
terminals of a batter, would respond by moving towards or away from 
a magnet held nearby.) In this discovery he had succeeded where 
the more experienced researchers on the Continent, as well as Davy 
and Dr. Wollaston, had failed. Faraday had used an electric current 
to do mechanical work - in feet created the first primitive electric 
motor. Moreover he had taken one step towards his ambition of 
achieving a convertibility of natural forces.
¿fl
Although Faraday had begun electrical research in the 1820’s, 
i t  had to be in time stolen from intense laboratory investigations 
concerning the hardness of steel, the manufacture of optical glass, 
the diffusion of gases, and the decomposition products of oils (dur­
ing the latter he had discovered Benzol). In his notebooks for 1824 
and 1825 there are references to experiments to test for possible 
evidence of induction (using a magnet brought close to a current-
carrying circuit in which was included a galvinometer). But he
28had to report that in this he was unsuccessful. The reason was 
that his galvji?nometer was not sufficiently sensitive. When he 
returned to this experiment ten years later, he had better equipment 
and identified the effect he had attempted to find.
During 1825 Faraday read Amp'ere’s "Magnetic Theory of Electric 
Dynamic Phenomena, but he found that he could not cope with the 
mathematical presentation. His letter to Ampere of 17th November,1825 
survives. He wrote: "With regard to your theory, i t  so soon becomes
mathematical that i t  quickly gets beyond my reach." Nevertheless, 
Faraday was to repeat Ampere’s experiments and was to interpret the 
results in a manner very different from Ampere’s mathematical analysis 
of the hypothetical molecular activities which the French scientist 
had made the basis of all electrical phenomena.
Extreme conscientiousness in all undertakings was another of 
Faraday’s characteristics, and being truly committed to the primary 
function of the Royal InstituSr (which was to make scientific knowledge 
available to the uninformed public), he devoted a vast amount of energy 
and time to improving its floundering finances. I t  was largely the 
revenue from subscription to his popular lectures, and the fees paid 
by commercial organizations for his chemical analysis which secured 
the Royal Institute’s stability. However, these labours diverted
42
concentrate his attention upon electrical problems. Thereafter,
he was, at intervals, to continue studying the subject to the end
of his career. The measure of his industry may be gathered from
the fact that his laboratory notebooks contain the extraordinary
29number of 15,997 methodically recorded experiments.
In August I83I Faraday began a series of electromagnetic 
experiments which established his reputation as one of the very 
greatest scientists of his age, and which were to be presented to 
the Royal Society under the generic title  of Experimental Researches 
in Electricity. His first electrical experiments of 1831 are noted 
in his laboratory book at the 29th August as "Experiments on the 
production of electricity from magnetism, etc."
2.19
The Transformer, Magnetic Induction and the Generator
Faraday had a ring, 6 inches in external circumference, fabric­
ated from thick soft iron, then he wound a primary coil on one 
side of the ring and attached i t  to a^attery; a closed secondary 
coil was wound on the opposite side of the ring and vwas arranged 
to pass over a magnetized needle. At' the make or break of the 
battery terminals he obtained an induced current which resulted in 
deflection of the needle. He had made what was, in effect, a 
batteiy-powered transformer. By the 2Ath September he had achieved 
the first induction of a current by the use of a moving permanent 
magnet, described in his own words: "Hence here distinct conversion
of magnetism into electricity." By the 17th October he could obtain
the same results by moving a bar magnet into the end of a helix of’
/wire attached to his galvinometer, thereby showing that electromagnetic
^3
Faraday from h is  re s e a rc h  and i t  was n o t u n t i l  1831 th a t  he could
induction could be obtained by the relative motion of a conductor 
in a magnetic field, or, as expressed by Faraday: "Therefore a
wave of electricity was so produced from mere approximation of a 
magnet and not from its  formation in situ," By the 28th October, 
he could triumphantly record: "Made a copper disk turn round
between poles of the great horseshoe magnet of the Royal Society.
The axis and edge of the disk were connected with a galvi'nometer./
The needle moved as the disk turned," He had created the first 
electric generator.50
In these researches Faraday can be observed as an experimenter 
of quite exceptional imagination and resourcefulness, and viewed 
as a visual planner mechanically organizing his experiments and 
interpreting the effects in a manner foreign to the natural mathem­
atician. The strength of the visual conception can be noted in 
his comments on the disk rotating between the poles of the electro­
magnet, where he wrote of the copper disk cutting "magnetic curves" 
(later to be called "lines of force"), and adds:
"By magnetic curves I mean lines of magnetic force 
which would be depicted by iron filings 51 surrounding 
a permanent magnet or an electromagnet."
Faraday's interest in this pictorial device, and his lifelong 
fascination with the theory of Lines of Force, are strong indicat­
ions of his natural tendency towards "visual pictures" of scientific 
phenomena.
We may observe Faraday as the non~mathematical researcher even 
more closely in his second paper, "Magneto-electric Induction", 
summarizing his recent experiments reported to the Royal Society on 
the 12th January, 1832, when he said:
b5
"These results tended to prove that the currents produced by 
magneto-electric induction in bodies is proportional to their 
conducting power. That they are exactly proportional to and 
altogether dependent upon the conducting power, is, I think 
proved by the perfect neutrality displayed when two metals 
or other substances, as acid, water, etc., are opposed to 
each other in their action: the feeble current which tends
to be produced in the worse conductor, but has its transmiss­
ion favoured in the better conductor, and the stronger current 
tends to form in the latter has its intensity diminished by 
the obstruction of the former; and the force of generation 
and obstruction are so perfectly balanced as to neutralize 
each other exactly. Now as obstruction is inversely as the 
conducting power, the tendency to generate a current must 
be directly as that power to produce this perfect equilibrium."
In this case, as in many others, Faraday offers a generalizat­
ion rather than a precise mathematical expression, which would have 
presented a law in the form of a formula.
With the same phenomena before him, Ohm was able to offer a
Esimple, but vitally important formula: I = —
Had Faraday drawn mathematical conclusion from his experiments,
other researchers would have taken more notice, and he would almost Un­
certainly have advanced electrical science more quickly in its 
progress. Nevertheless, Faraday had introduced to the scientific 
world a range of new and wonderful discoveries, and the Royal Society 
honoured him with their Copley Medal in recognition of his achievement.
For the following two years Faraday was preoccupied with an 
investigation into the effects of electricity in the decomposition 
of different substances. The results of this research were incorpor­
ated into three papers which he read before the Royal Society. In 
that of January 9th 183^, he suggested the use of a number of new 
scientific terms which subsequently were adopted in electrical 
engineering and physics. They included: Electrode, Electrolyte,
Electrolysis, Anode, and Cathode.
In  the  Autumn of 183^ Faraday re tu rned  w ith in ten se  energy 
to  the study o f induction  which he had in i t ia te d  in  h is  f i r s t  
two "Experimental Researches in  E le c t r ic i ty ."  With apparatus 
designed and constructed  to  h is  own s p e c if ic a tio n s , he explored 
inductive  e f fe c ts  ob ta inab le  with s in g le  and double c o ils  
of d if f e r e n t  leng ths and m a te r ia ls , made sen s ib le  by shock, 
sparks, and galvanometer d e f le c tio n . A very in s tru c tiv e  en try  
in  h is  lab o ra to ry  notebooks fo r  l*tth november, 183^ reads:
"Now I  begin to  see l i g h t .  The phenomenon o f 
increased  spark  i s  merely a case of the induction  
of e le c t r i c  c u rre n ts . I f  a cu rren t be e s tab lish ed  
in  a w ire, and another wire forming a complete 
c i r c u i t  be placed p a r a l le l  to  i t ,  a t  the moment 
the cu rren t in  the f i r s t  i s  stopped, i t  induces 
a cu rren t in  the same d ire c tio n  in  the second; 
i t  i s  then showing but a feeb le  spark . But i f  
the second be away, i t  induces a cu rren t in  i t s e l f  
on wire in  the same d ire c tio n , producing a s tro n g er 
spark . The strong spark in  the cu rren t when alone 
i s  th e re fo re  the equ ivalen t of the c u rren t i t  can 
produce in  a neighboring wire when in  company."
A f u l l  account o f the experiments and the r e s u l ts  obtained 
and h is  in te rp re ta t io n  of the phenomena observed, was given in  
h is  9 th  s e r ie s  o f ' Experim ental Researches in  E le c t r ic i ty -;
e n t i t le d  "On the In fluence  by Induction  o f an E le c tr ic  C urrent 
on i t s e l f  -  and on the Inductive  A ction o f E le c tr ic  Currents 
G enera lly ."
7^The essence o f the paper concerns a c i r c u i t  diagram and 
the experiments he was able to  carry  out with th a t arrangement 
of components:
2,20
Self-Induction
In  Faraday’s words:
11 'Z ' and TC* rep re sen t the Zinc and Copper p la te s  o f the 
e lec tro -m o to r, ( ( in  modern term inology, ’B a tte ry ') )  'G* and 'E* 
the cups o f Mercury where con tac t i s  made or broken; 'A ' and 'B* 
the term inations o f 'D1, the long w ire, the H elix  or the 
e lectrom agnet, used to  complete the c i r c u i t ;  'N’ and *P' are  
the cross w ires , which can e i th e r  be brought in to  con tac t a t  *X', 
o r e lse  having a galvanometer or an e le c tro ly s in g  apparatus 
in terposed  th e re .
. . .  The most in s tru c tiv e  s e t  o f re s u l ts  was obtained, 
however, when the galvanometer was introduced a t  'X '.  Using an 
electrom agnet a t  *D', and con tinuing  co n tac t, a cu rren t was then 
in d ica ted  by the d e f le c tio n , proceeding from *P* to  *N* in  the 
d ire c tio n  o f the arrow; the cross wire serv ing  to  ca rry  one 
p a r t  o f the e l e c t r i c i t y  ex c ited  by the e lec tro -m o to r, and th a t 
p a rt of the arrangement marked *ABD’ , the o th er and fa r  g rea te r 
p a r t ,  as in d ic ted  by the arrow s. The magnet needle was then 
forced back, by pins app lied  upon opposite s id es  o f i t s  two 
tre m it ie s ,  to  i t s  n a tu ra l p o s itio n  when uninfluenced by a cu rren t; 
a f t e r  which, con tac t being broken a t  *G? or 'E ' ,  i t  was d e flec ted  
s tro n g ly  in  the opposite  d ire c tio n ; thus showing, in  accordance 
w ith the chemical e f fe c ts  ( ( in  an e a r l i e r  experim ent)) th a t  the 
'’E x tra -cu rren t"  followed a course in  the cross w ires con trary  to  
th a t  in d ica ted  by the arrow, i . e . :  con trary  to  the one produced 
by the d ire c t  a c tio n  o f the e lec tro -m o to r.
The case, th e re fo re  of the b r ig h t spark and the shock on 
D isjunction  may now be s ta te d  thus: I f  a cu rren t be e s tab lish ed
in  a wire and another wire forming a complete c i r c u i t ,  be placed 
p a ra l le l  to  the f i r s t ,  a t  the moment the cu rren t i s  stopped i t  
induceB a cu rren t in  the same d ire c tio n  in  the second, the f i r s t
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ex h ib itin g  then but a  feeb le  spark ; but i f  the second wire 
be away, d is ju n c tio n  o f the f i r s t  wire induces a cu rren t on 
i t s e l f  in  the same d ire c tio n , producing'jaastrong sp ark . The 
s tro n g  spark  in  the s in g le  long wire or Helex, a t  the moment 
of d is ju n c tio n , i s  th e re fo re  the equ ivalen t o f the cu rren t 
which would be produced in  a  neighouring wire i f  such a second 
ourren t were p erm itted .*1
2 .2 1
S p ec ific  Inductive  C apacity
Faraday’s lab o ra to ry  notebooks o f 1836 and 1837 provide
>• v I \-T ■ ’ .:
a wonderful in s ig h t in to  the thoroughness w ith which he in v e s t ig ­
a ted  the nature  o f Capacitance and measured s p e c if ic  inductive  
c a p a c it ie s . There i s  no doubt th a t  he had a p a r t ic u la r  fa c u lty  
fo r  p ic tu rin g  in  h is  mind the types o f apparatus which could 
advance h is  in q u ir ie s , and fo r  designing su ita b le  lab o ra to ry  
apparatus to  ca rry  out those experim ents. By December 23rd 
1836 he can describe  the new resea rch  instrum ent which he has 
constructed : a p a ir  o f unequal concen tric  copper v e sse ls , the
sm aller w ith in  the la rg e r ,  is o la te d  from each o th e r, bu t with 
the f a c i l i t y  fo r charging the inner sphere; a i r - t i g h t ,  but f i t t e d  
w ith a stop-cock which could be a ttached  to  an air-pump, and 
used to  e x tra c t  a l l  the a i r ,  or to  f i l l  with gases or l iq u id s , 
which in  Faraday’s words:
"The inductive  apparatus described i s  ev id en tly  a 
Leiden P h ia l, w ith the advantage, however, of 
having the D ie le c tr ic  or in su la tin g  medium changed 
a t  p le a su re ."
With th is  instrum ent, used in  conjunction w ith a Coulomb
Torsion E lectrom eter to  measure e le c t r o s ta t ic  charges on the
in n er sphere, he c a rr ie d  out a la rg e  number of p ioneering  experim­
en ts  which he summarized fo r  the Royal Society  in  h is  11th s e r ie s
of "Experimental Researches in  E le c tr ic i ty " ,  read on the 21st 
December, 1837.
In  th is  paper, On In d u c tio n , Faraday o ffered  a theory on the 
n atu re  o f e l e c t r i c i ty  which was in  d ire c t  c o n f lic t  w ith th a t held 
by eminent e le c tr ic ia n s  of h is  tim e, l ik e  Coulomb and P o ission  and 
Ampère, and, consequently alm ost a l l  h is  audience. They believed 
th a t e l e c t r i c i t y  was a f lu id  (o r two f lu id s , one p o s itiv e  and the 
o th er negative) sep ara te  from m atte r; whereas F araday 's  research  
had convinced him th a t  they were wrong, and th a t  a l l  e le c t r i c a l  
e f fe c ts  were formed from and connected w ith m atter i t s e l f .
2 .2 2
C apacitive Experiments
In te rp re tin g  "Induction" in  the  w idest sense -  to  e ffec t: some 
e le c t r i c a l  phenomenon upon a body w ithout physical connection -  he 
bu ilds h is  case based upon extensive experim ents. R eferring  to  h is  
s p e c ia lly  designed equip >ment he says:
"At p resen t I  be liev e  o rd inary  induction  in  a l l  cases to  be 
an ac tio n  o f contiguous*^* p a r t ic le s  co n sis tin g  o f a  spec ies  of 
p o la r i ty , in s tead  o f being an a c tio n  of e i th e r  p a r t ic le s  or masses 
a t  sen s ib le  d is ta n ce s ; and i f  th is  be tru e , the d is t in c t io n  and 
estab lishm ent o f such a t ru th  must be o f the g re a te s t consequence 
to  our fu r th e r  progress in  the in v e s tig a tio n  o f the nature  o f 
e le c t r i c  fo rc e s .
Inductive  e f fe c ts  a re  produced by e l e c t r i c i ty ,  no t cu rre n ts , 
bu t in  i t s  s t a t i c a l  s t a t e ,  and th is  induction  is  exerted  in  l in e s  
o f force which, although in  many experiments they may be s t r a ig h t ,  
are  here curved more or le s s  according to  circum stances. I  use the 
term "Lines of Inductive Force" merely as a temporary conventional 
mode o f expressing  the d ire c tio n  of the power in  cases of induction  
and in  the experiments w ith the hemispheres, i t  i s  curious how,
When c e r ta in  l in e s  have term inated on the under su rface  and edge of 
the m etal, those which were before l a t e r a l  to  them expand and open 
out from each o th e r, some bending round and term inating  th e i r  
a c tio n  on the upper fu rface  of the hemisphere, and o th ers  meeting, 
as i t  were, above in  th e i r  progress outward, u n itin g  th e i r  fo rces 
to  give an increased  charge to  the c a r r ie r  b a l l ,  a t  an increased
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d is tan ce  from the source o f power and in fluenc ing  each o ther so 
as to  cause a second flexu re  in  the con trary  d ire c tio n  from the 
f i r s t  one. A ll th is  appears to  me to  prove th a t  the whole ac tio n  
i s  one o f contiguous p a r t ic le s ,  re la te d  to  each o th e r, not merely 
in  l in e s  which they may be conceived to  form through the d ie le c t r ic ,  
between the Inductive  and the Inducteous su rface s , but in  o th e r 
l a t e r a l  d ire c tio n s  a ls o . I t  i s  th is  which gives an e f fe c t  equ ival­
en t to  a  l a t e r a l  rep u ls io n  or expansion in  the l in e s  o f force which 
I  have spoken o f, and enables induction  to  " tu rn  a co rn er" . The 
power, in s tead  o f being l ik e  th a t o f -gravity, which causes p a r t ie s  
le s  to  a c t  on each o ther through s t r a ig h t  l in e s ,  whatever o ther 
p a r t ic le s  may be between them, i s  more analogous to  th a t  of a s e r ie s  
of magnet need les, o r to  the cond ition  o f the p a r t ic le s  considered 
as forming the whole o f a s t r a ig h t  or curved magnet. So th a t  what­
ever way I  view i t ,  and w ith g rea t susp ic ion  of the in fluence  of 
fav o u rite  no tions over m yself, I  can not perceive how ord inary  
theory app lied  to  exp lain  induction  can be a c o rre c t re p re se n ta t­
ion of th a t  g rea t n a tu ra l p rin c ip le  o f e le c t r i c a l  a c tio n ."
Faraday then exp la in s th a t  he adopted the "Capacity fo r 
allow ing or causing inductive  ac tio n "  of a i r  as ' 1 *, and th a t  by 
experiment he had found th a t  S h e ll- la c  measured *1.5 '* He in t r o ­
duces the term "S p ecific  Inductive  C apacity", and gives o th e r 
fig u res : S p ec ific  Inductive  C apacity o f f l i n t  g lass  i s  1 .38,
and sulphur i s  1 . 62; and th a t  he had found th a t ,  in  the case of 
gases ,"A ll had the same power o f , o r capacity  fo r ,  su s ta in in g  
induction  through them."
2.23
The Action of the Ca-pacitor
Summarizing h is  observations (w ith re sp ec t to  what we now 
c a l l  c a p a c ito rs ) , Faraday says:
"The d ir e c t  inductive  fo rce , which may be conceived to  be 
exerted  in  l in e s  between the two lim it in g  and charged conducting 
su rfa ce s , i s  accompanied by a l a t e r a l  or tran sv erse  forde equiv­
a le n t to  a D ila tio n  o r Repulsion o f these re p re se n ta tiv e  l in e s ;  
o r, the a t t r a c t iv e  fo rce  which e x is ts  among p a r t ic le s  o f the 
D ie le c tr ic  in  the d ire c tio n  o f the Induction  i s  accompanied by 
a rep u ls iv e  or d iverg ing  fo rce in  the tran sv erse  d ire c t io n ."
F araday 's fr ien d  and co lleague, Dr. Tyndall commented on
5 1
h is  model: "Faraday v isu a liz e s  w ith the utmost c lea rn ess  the s ta te  
of h is  contiguous p a r t ic le s ;  one a f t e r  ano ther they become charged, 
each succeeding p a r t ic le  depending fo r i t s  charge upon i t s  p red ecesse r."
2 .2 * f
Faraday the "V isua lizer"
F araday 's ex p osition  i s  very much th a t  o f a "V isua lizer"  : he 
models in  mechanical and physica l term s, w ithout the in tro d u c tio n  
o f any m athematical expressions (o th e r than simple r a t i o s ) .  His 
exp lanation  o f the nature  of e l e c t r i c i t y  is  h igh ly  p ic tu resque: i t  
i s  a S tra in , tran sm itted  from p a r t ic le  to  p a r t ic le  in  c lose  proxim ity, 
or when th a t i s  no t p o ss ib le , the r e s u l t  i s  a p o la r s t r e s s ,  recognized 
as Induc tion .
F araday 's  theory  was re s p e c tfu lly  received , but not warmly
welcomed by h is  contem poraries. Most o f them could not s u f f ic ie n t ly
accommodate themselves to  the challenge to  p re v a ilin g  e le c t r i c a l
theory . Most f e l t  i l l  a t  ease w ith Faraday 's non-mathematical
approach, and few o f them were prepared to in v e s tig a te  fu r th e r  the
35nature  of h is  Lines of Force. One o f the excep tional persons was 
the young William Thomson ( l a t e r  Lord K elvin), who did se r io u s ly  
consider the na tu re  o f Faraday*>s l in e s  o f fo rce , and in  an e a r ly
•7^
piece of s c ie n t i f i c  w ritin g , he demonstrated th a t the l in e s  o f 
force could be employed in  the development of a mathematical theory 
of e le c t r o s ta t ic  a c tio n . However, a d e ta iled  ap p lic a tio n  o f Faraday 's 
research  r e s u l t s  had to  w ait fo r  the great, work of James Clerk 
Maxwell.
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William Thomson (l82*f-1907), l a t e r  Lord Kelvin* i s  a fin e  
example o f a n a tu ra l "Mathematic": from an e a r ly  age he dem onstrat­
ed an excep tional ta le n t  fo r  a rith m e tic , geometry and a lg eb ra , and 
h is  eagerness to  advance h im self as ra p id ly  as p o ssib le  in  h is  math­
em atical s tu d ie s  aston ished  even the academics among whom he l iv e d . 
His fa th e r , P ro fesso r o f Mathematics a t  Glasgow U n iv ers ity , e a r ly  
recognized W illiam 's remarkable a b i l i t i e s  and arranged fo r him to 
have every educational opportun ity , allow ing him to  jo in  the univ­
e r s i ty  c la sse s  a t  the age o f te n . From th a t time he absorbed a l l  
the inform ation which was av a ilab le  to  the s tu d en ts  o f N atural 
Philosophy, Pure Mathematics, and Astronomy.
Although he won a l l  the p rize s  which were open to  him, he did 
not graduate a t  Glasgow u n iv e rs ity , because graduate s ta tu s  would 
have p re jud iced  h is  adm ission to  Cambridge u n iv e rs ity , where h is  
fa th e r  had arranged fo r  him to  continue mathematical s tu d ie s  under 
those who were regarded as the most s tim u la tin g  teachers  o f th e i r  
tim e. The memories of h is  fellow  s tuden ts  and teachers  a t  Cambridge, 
and the evidence o f h is  f i r s t  mathematical essays, provide an 
unm istakably c le a r  p ic tu re  o f a w onderfully ta le n te d  person who 
loved m athematical involvement above a l l  e ls e , and who found an 
o u tle t  fo r  h is  c re a tiv e  energy in  applying mathematical p r in c ip le s  
to  the contemporary developments in  Physics.
While in  h is  f in a l  year a t  Cambridge h is  fa th e r  was a c tiv e ly  
engaging support fo r  h is  am bition to  ha#e h is  son appointed a t  
Glasgow u n iv e rs ity  in  p lace o f the aged p ro fesso r o f N atural 
Philosophy. When he learned  th a t  some o f those who had the power
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William Thomson
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of e le c tio n  favoured the new-fangled C ontinen tal no tion  th a t 
a  p ro fesso r o f N atural Philosophy should not only teach the 
mathematical theory o f h is  su b je c t, bu t should have some exper­
ience of p ra c t ic a l  lab o ra to ry  work, he advised William to  gain 
an en try  in to  a  Physics laboratory*  That he was ab le  to  do in  
P a r is , in  the Spring of l8*f5, when he volunteered a ss is tan c e  to  
P ro fesso r Regnault, a t  the College De France. There he learned  
of the deep re sp ec t in  which Michael Faraday was h e ld , and th a t 
knowledge re in fo rced  h is  a lread y  considerable in te r e s t  in  the 
e le c t r i c a l  work done by Faraday -  which had f i r s t  been drawn to  
h is  a t te n tio n  some years before by one o f h is  teachers  a t  
Glasgow u n iv e rs ity , David Thomson, who was a nephew of Michael 
Faraday. He immediately s e t  about studying h is  Experimental 
Researches in  E le c t r ic i ty .  Contact w ith physical research  was 
the c a ta ly s t  which s e t  William Thomson on h is  l i f e lo n g  a p p lic a t­
ion of mathematics to  e le c t r i c a l  s tu d ie s . Something o f h is  
so p h is tic a te d  approach to  the common phenomena o f e l e c t r i c i ty  
may be gathered from an en try  in  h is  d ia ry  fo r 8th  A p ril, 18*1-5 :
"Today in  the lab o ra to ry  I  got the id ea , which gives the 
mechanical e f fe c t  necessary  to  produce any given amount of free  
e l e c t r i c i ty ,  on a conducting or non-conducting body. I f  M i s  any 
e le c t r i c a l  elem ent, V the p o te n tia l o f the whole system upon i t ,  
the mechanical e f fe c t  necessary  to  produce the d is t r ib u t io n  is ^ m v . 
I f  the body be conducting th is  expn becomes vM. This enables us to  
find  the a t t r a c t io n  or rep u ls io n  o f two in fluenc ing  spheres w ithout 
double in te g ra ls .  Also the  theorem of Gauss thatJE.mv i s  a minim, 
when v i s  c o n s t.,  shows how the double in t^  which occurs when we 
wish to  express the ad tio n  d i r e c t ly ,  may be tra n s fe rre d  in to  the 
d lf f . co. of a simple int^- taken w ith reference  to  the d i s t ce between 
two spheres. This has confirmed my re so lu tio n  to  commence exper­
im ental re sea rch es , i f  ever I  make any, w ith an in v e s tig a tio n  of 
the abso lu te  force o f s t a t i c a l  e l e c t r i c i t y .  As y e t each experim­
en te r has only compared in te n s i t ie s  getween Devns of th e i r  e le c tro ­
m eter. They must be measured by Pounds on the square inch , or 
by "Atmospheres". Also the standard  must be the g re a te s t in te n s i ty  
which can be re ta in ed  by a i r  o f given d e n s ity ."
I t  was h is  enthusiasm fo r e le c t r i c a l  s tu d ie s  which g re a tly  
impressed the French p h y s ic is ts  and caused him to  be in v ite d  to  
co n trib u te  an a r t i c l e  on the su b jec t to  the 10 th  volume o f the 
Journal De Mathématiques. Thomson wrote to  h is  fa th e r  th a t  the 
purpose o f the a r t i c l e  would be, "To explain  the phenomina of 
o rd inary  e le c t r i c i ty  observed by Faraday, and supposed to  put 
o b jec tions f a ta l  to  the m athem atical theory  ( (o f  Coulomb))*"
That a r t i c l e  was expanded in to  a  paper "On the E le c tr ic  Laws of 
S ta t ic a l  E le c t r ic i ty " ,  which was read before the B r i t is h  Assoc­
ia t io n  a t  Cambridge on June 23, 18^5, when Faraday was p re sen t.
The youthfu l Thomson, in  awe of the revered Coulomb, suggested 
th a t  he could not be in  e r ro r ,  and proceeded to  o f fe r  a so lu tio n  
to  the problem of c a lc u la tin g  the mutual a t t r a c t io n  between two 
sp h e rica l conductors. He gives the law:
"The mechanical value o f the d is t r ib u tio n  of e l e c t r i c i t y  
on a group of in su la ted  conductors may be e a s ily  shown to  be 
equal to  h a lf  the sum of the products obtained by m ultip ly ing  
the p o te n tia l w ith in  i t . "
He c a lc u la te s  the a t t r a c t iv e  fo rces fo r the case o f two 
equal concen tric  spheres a t  four d if f e r e n t  d is tan ces  and suggests 
th a t  the d iffe ren ce  between Faraday’s re s u l ts  and the expecta tion  
from Coulomb's laws were due to  the inadequacy o f the measuring 
instrum en ts . He a lso  drew a t te n tio n  to  the need fo r  the  e s ta b lis h ­
ment o f a standard  fo r  " e le c t r ic a l  in ten s ity " .w h ich  could be used 
by a l l  engaged in  experim ental re sea rch .
2.26
In te rp re ta t io n  o f Faraday’s Theories
Following the ta lk ,  William Thomson was introduced to  Faraday. 
I t  was the beginning o f a f r u i t f u l  exchange of correspondence, and 
v i s i t s .  S hortly  a f te r  th e i r  f i r s t  meeting Thomson wrote to  Faraday
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th a t  he was re v is in g  h is  B r it is h  A ssociation paper fo r  p u b lica tio n
37in  the Cambridge and Dublin Mathematical Jo u rn a l, and sa id :
MA p rin c ip a l o b jec t i s  to  show th a t in  a l l  u ltim a te  r e s u l ts  
r e la t iv e  to  the d is t r ib u t io n ,  and to  a t t r a c t io n  or rep u ls io n , i t  
agrees id e n t ic a l ly  w ith a complete theory based on your views. . . .
I t  was from the connection w ith mathematical theory o f heat th a t  I  
was f i r s t  ab le  to  perceive the r e la t io n  which l in e s  o f inductive 
ac tio n  have to  m athematical th e o rie s
Under the in s p ira tio n  o f Faraday 's  w ritin g s , the  younger 
s c ie n t i s t  was to  produce a s e r ie s  o f im portant papers which gave 
mathematical form to  F araday 's  experim ental r e s u l t s .
In  18^6 William Thomson was appointed to  the Chair o f N atural 
Philosophy a t  Glasgow u n iv e rs ity  a t  the age o f 22. Even a t  th a t  
very moment, when pressed by the r e s p o n s ib i l i t ie s  o f h is  new 
undertaking and planning a physica l lab o ra to ry  fo r h im self and h is  
s tu d en ts , h is  mind was f i l l e d  w ith the p o te n tia l a p p lic a tio n  o f 
mathematics to  problems in  P hysics. He wrote in  h is  d ia ry  fo r  
31s t  October, l 8*+6 :
”1 have th is  evening ( in  the middle of my work f in ish in g  
an in tro d u cto ry  le c tu re )  a f te r  th ink ing  on Faraday 's  d iscovery  of 
the e f fe c ts  of magnetism on tran sp aren t bodies and po la rized  l ig h t ,  
been re c u rrin g  to  my idea (which occcurred to  me in  the May term) 
which I  had to  give up, about magnetism and e l e c t r i c i t y  being 
capable of re p re se n ta tio n  by the s tra in in g  of an e la s t i c  so lid  
c o n s titu ted  in  a p e cu lia r  way. I  THINK the follow ing must be 
tru e :
I f  p a r t ic le s  along a closed curve of any form be d isp laced  
e q u a l l ^ 6^ sm all d is tan ce  along the curve, the displacem ent 
produced, a t  any p^* of the medium, can be rep resen ted  in  some way 
by means of the diff-*- c o e ff ts  Qf  the so lid  angle whose vertex  i s  the 
p t .  and base the closed curve. This so lid  L i s  the p o te n tia l  due 
to  the a c tio n  of a v o l t0 c u rre n t, c irc u la t in g  in  the closed curve, 
as i s  known.
Then a bar magnet would be rep resen ted  by an ax is  turned 
round in  the e la s t i c  so lid  so as to  drag po in ts  o f the s o lid  round
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along w ith i t ,  e tc .  . . .  I  am not a t  a l l  sure o f anything 
I  have w ritten  ju s t  now, bu t want to  get i t  out of my head, as 
I  have no time to  spare during the se s s io n . 11
■ Z g
In  18^9t in  h is  paper read before the Royal S ocie ty ,
Thomson once.more ap p lie s  h is  mathematical in s ig h ts  to  the in te r ­
p re ta tio n  of Faraday’s d isco v eries  of the previous four years; 
the in te ra c t io n  o f magnetism and po larized  l ig h t ,  and the p ro p e rt­
ie s  of diam agnetic rep u ls io n  observed in  Bismuth (and lead , t in ,  
copper, and some 50 o th er substances in v es tig a ted  by Faraday.)
His purpose was to  o ffe r  in  rigo rous mathematical form a theory 
of magnetism "freed  from unnecessary h y p o th e tica l assum ptions" -  
th a t  i s ,  to  dism iss the outmoded "One/Two F lu id" th e o rie s  to  which
many contem poraries s t i l l  gave th e i r  a lle g ian c e . In  an extension 
39to  the paper he d e a lt w ith the concept of magnetic inductive
4 0capac ity  in  the m a te ria l, an im portant s c ie n t i f ic  innovation .
Thomson’s papers not only won fo r him g rea t re sp ec t fo r h is  
mathematical genius, bu t they re d ire c te d  the se rio u s  a t te n tio n  of 
contemporary s c ie n t i s t s  back to  Faraday’s fundamental research  
re p o r ts . Those who were accustomed to  a sso c ia te  physical phenomena 
with mathematical expressions found a new sympathy w ith Faraday’s 
s tu d ie s  when in te rp re te d  according to  Thomson's c lev e r id eas . 
Moreover, Thomson smoothed the way fo r fu r th e r  confirm atory exper­
iments by urg ing  the adoption of "absolute u n its "  in  the in v e s t ig ­
a tio n  o f electrom otive fo rces (a lready  introduced on the Continent 
by Wilhelm Weber). Thomson recommended the use of the B r it is h  meas­
u re s , the Foot, G rain, and Second fo r the fundamental u n its  o f 
length ,m ass, and tim e.
The ra p id ity  o f Thomson's development as a mathematical an a ly st 
of the puzzling e le c t r i c a l  phenomina of h is  time i s  evidenced by
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the b r i l l i a n t  in s ig h ts  which he o ffered  in  h is  paper ”0n T ransien t
I f l
E le c tr ic  C urren ts ’1 o f 1855. By mathematical c a lc u la tio n , Thomson 
had discovered th a t th e re  i s  a c r i t i c a l  re la tio n s h ip  in  a cap ac itiv e  
c i r c u i t  involv ing  a Leiden J a r  where capacity  in  the c i r c u i t  was 
equal to  four times the c o e f f ic ie n t of s e lf - in d u c tio n  divided by 
the square of the r e s is ta n c e . I f  the capacity  was le s s  than th is ,  
the discharge was an o s c i l la t in g  one; i f  the cap ac ity  was g re a te r  
than th i s ,  the d ischarge was n o n -o sc illa tin g . Thomson suggested 
th a t by using  a la rg e  se lf-in d u c tan ce  and sm all re s is ta n c e , i t  
would be p o ssib le  to  produce la rg e  o s c il la to ry  d isch a rg es . This 
was the paper which la id  the foundations of the theory  subsequently  
s tu d ied  and developed by Hertz and Lodge, and u ltim a te ly , was to  
co n trib u te  to  w ire le ss  te leg raphy .
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2.27
James C lerk Maxwell
Of a l l  the in te l le c tu a ls  who admired F araday 's w ritin g  on 
electrom agnetic  theory , none was more deeply impressed than James 
C lerk Maxwell (1831-1879)» and i t  was he, above a l l  o th e rs , who brought 
numerical p rec is io n  and mathem atical development to  Faraday 's exper­
im ental r e s u l t s .
Inform ation which has been preserved in  the  contemporary biography
^  4 2h is  f r ie n d , Lewis Campbell, describes a n a tu ra l ap titu d e  fo r
s c ie n t i f i c  in q u iry  and a supreme c u r io s ity  about the q u a l i t ie s  and 
functions of a l l  th ings in  h is  environment. From boyhood he demon­
s tra te d  an a n a ly tic  d isp o s it io n  governed by an o rd e rly  mind, a passion 
fo r a l l  th a t  was mathematical and a d e s ire  to  use h is  c a lc u la tin g  
powers to  fu r th e r  h is  knowledge o f physics. He enjoyed a number of 
p r iv ile g e s  which con tribu ted  to  h is  rap id  s c ie n t i f i c  advancement: 
in  p a r t ic u la r ,  h is  fa th e r  was a keen amateur n a tu ra l philosopher 
w ith good co n tac ts  among the Edinburgh s c ie n t i f ic  c i r c le s ;  and, 
recognizing  h is  so n 's  ta le n ts ,  he missed no opportun ity  of in t r o ­
ducing him to  p ra c tic in g  s c ie n t i s t s  who could judge fo r  themselves 
the boy 's g rea t p o te n tia l  and o f fe r  a ss is tan ce  and advice in  guiding 
h is  education . Among those w ith whom he had a fam ily frien d sh ip  
was William Thomson, who gave both help  and encouragement in  h is  
s c ie n t i f i c  s tu d ie s .
2 .2 8
Maxwell the "Mathematic11
Maxwell i s  a person who, to  some ex ten t, partakes o f both 
the "V isu a lize r"  and the "Mathematic" c h a ra c te r is t ic s  -  but there  
can be no doubt th a t  h is  in s t in c ts  and s tro n g e s t tendencies were
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towards the MM athematic.” At f i r s t  s ig h t i t  does not appear so: 
from adolescence he was freq u en tly  engaged in  physica l model-making, 
and h is  e a r l i e s t  s c i e n t i f i c  paper, w ritten  a t  the age of 1 5 , was 
a novel mechanical method o f drawing oval curves. His l a t e r  ado l­
escence was a time when he was much pre-occupied w ith experiments 
on l ig h t  and colour and was engaged in  the use of various models 
and hom e-construeted p ieces of apparatus; l a t e r  s t i l l ,  there/were 
physical models r e la t in g  to  h ea t d is t r ib u t io n ;  and u ltim a te ly  
th e re  was the mechanical model fo r h is  l8 6 l/2  paper "On the Physical 
Lines o f Force", which dem onstrated the p rin c ip le s  of h is  theory 
of electrom agnetism .
While he had a penchant fo r  diagrams, geometric :; f ig u res  and 
mechanical models, , those were r a re ly  the so p h is tic a te d  r e s u l ts  of 
a v isu a l designer, and i t  i s  c le a r  from comments in  h is  im portant 
e lectrom agnetic  papers o f l 86l /2 and 186^, th a t  he h im self did not 
hold them in  high esteem . The value seems to  have been in  the 
i n i t i a l  s tim u la tin g  e f fe c t  they brought to  bear on h is  mathematical 
p rocesses, and the a id  they provided in  exp lain ing  h is  complex 
ideas to  o th e rs ; moreover, the records of h is  conversa tions, 
h is  n o tes, and personal l e t t e r s ,  throw s tro n g ly  in to  r e l i e f  the 
fa c t  th a t  h is  fundamental method was intensity m athem atical, and 
he ra p id ly  withdrew him self from the i n i t i a l  s ta r t in g -p o in t  o f 
those models.
As William Thomson had done nine years before him, James 
C lerk Maxwell read a u n iv e rs ity  course in  Scotland, then w ithout 
g raduating , moved to  Cambridge u n iv e rs ity  where he s tud ied  fo r 
another degree in  Mathematics; and, l ik e  Thomson, he d is tin g u ish ed  
h im self by ex ce llence , and was groomed fo r immediate advancement.
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Soon a f te r  gain ing  h is  B.A. a t  Cambridge, Maxwell inqu ired  of 
William Thomson what advice he could o ffe r  ’’sev e ra l of us here 
who wish to  a tta c k  e l e c t r i c i t y . ” What should they read , and 
in  what order? Thomson must have recommended Faraday 's 
Experim ental Researches in  E le c t r ic i ty « fo r s h o r tly  afterw ards 
Maxwell wrote to  h is  fa th e r  th a t  he was deeply immersed in  th a t 
work* We know from M axwell's in tro d u c tio n  to  h is  T rea tise  th a t 
he became so e n th ra lle d  th a t  he "reso lved  to  read no mathematics 
on the su b jec t u n t i l  he had read Faraday«"
2.29
Maxwell S tud ies Faraday
While i t  may seem curious to  some th a t such a h igh ly  
m athematical mind should be drawn to  the non-mathematical w ritin g s  
of Faraday, Maxwell makes i t  p e r fe c t ly  c le a r  th a t  he understood 
and sympathized w ith a method so remote from h is  own, and even 
ty p if ie s  Faraday as an experim enter who did h is  b e s t work by 
avoiding the methods of the m athem atician. Much l a t e r  in  l i f e ,  
when he was able to  c r y s ta l l iz e  the r e s u l ts  of h is  research  in to
if5
a t r e a t i s e  fo r  s tu d en ts , Maxwell wrote:
"The method which Faraday exmployed in  h is  researches 
consis ted  in  a  constan t appeal to  experiment as a means 
of te s t in g  the t ru th  of h is  id eas , and a constan t c u l t iv ­
a tio n  o f ideas under the d ire c t  in fluence of experim ent.
In  h is  published researches we find  these id eas  expressed 
in  language which i s  a l l  the b e t te r  f i t t e d  fo r  a nascent 
sc ien ce , because i t  i s  somewhat a lie n  from the s ty le  o f 
p h y s ic is ts  who have been accustomed to  e s ta b lis h  mathemat­
ic a l  forms o f thought"
and a few pages l a t e r ,  he continues:
" I t  was perhaps fo r the advantage of science th a t  Faraday,
though thoroughly conscious of the fundamental forms of 
space, tim e, and fo rce , was not a professed m athem atician. 
He was not tempted to  e n te r  in to  the many in te re s t in g  
researches in  pure mathematics which h is  d isco v eries  would 
haye suggested i f  they had been ex h ib ited  in  mathematical 
form, and he did  not f e e l  c a lled  upon e i th e r  to  fo rce h is  
r e s u l ts  in to  a shape accep tab le  to  the mathematical ta s te  
of the tim e, or to  express them in  a form which mathematic 
ians might a t ta c k . He '¡was thus l e f t  a t  le is u re  to  do h is  
proper work to  coordinate h is  ideas w ith h is  f a c ts ,  and 
to  express them in  n a tu ra l , un techn ica l language."
2.30
Maxwell Develops Faraday 's  Ideas M athem atically
Accepting an a e th e r theory  (as did so many o f h is  contem­
p o ra rie s) and the laws of Newton, Maxwell s e t  h im self the ta sk  
of developing Faraday 's  ideas in to  a complete theory o f e le c tro ­
magnetism, expressed in  mathematical term s. This he did in  the 
course of w ritin g  th ree  im portant papers, and the subsequent 
p u b lica tio n  of h is  T rea tise  on E le c t r ic i ty  and Magnetism in  
1873- For the purpose of expanding Faraday 's ideas Maxwell 
employed various analog ies between d if fe re n t  branches o f Physics, 
follow ing the example o f William Thomson, who had compared 
e le c t r i c a l  phenomena w ith those of h e a t. In  h is  sp ecu la tio n s  
about the physica l na tu re  of e l e c t r i c i ty ,  Maxwell was daring  
and h ighly  in d iv id u a l in  applying mathematical procedures to  
extend the hypotheses as fa r  as c a lc u la tio n  would a llow . As he
explained in  the opening sec tio n  o f h is  1855 paper which he
J+6read before the Cambridge P h ilo soph ica l Society  th e re  were 
no comprehensive e le c t r i c a l  th e o rie s  a v a ila b le , and the
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l i t e r a tu r e  which e x is ted  was u n sa tis fa c to ry . What was req u ired , 
he wrote was
f,A s im p lif ic a tio n  and reduction  o f the r e s u l ts  of 
previous in v e s tig a tio n s  to  a form in  which the mind 
can grasp  them. The r e s u l t  o f th is  s im p lif ic à tio n  
may take the form of a purely  mathematical formula 
or o f a physica l h ypo thesis . In  the f i r s t  case we 
e n t i r e ly  lose  s ig h t of the phenomena to  be explained; 
and though we may tra c e  out the connections o f given 
laws, we can never o b ta in  more extended views of the 
connections o f the s u b je c t . I f ,  on the o th er hand, 
we adopt a physica l hypo thesis, we see the phenomena 
only through a medium, and are l ia b le  to  th a t  b lin d ­
ness to  fa c ts  and ra.shness in  assumption which p a r t ia l  
exp lanation  encourages.H
What was needed, he believed  was a comprehensive theory 
ap p licab le  to  the whole range of e le c t r i c a l  in te r e s t s  o f h is  time: 
e le c t r o s ta t ic  s tu d ie s , electrom agnetism , permanent magnets, 
magnetism of induc tion , and the study of varying c u rre n ts .
As a young mathem atician w ritin g  fo r the a t te n t io n  of o th e r 
mathematicians and s c ie n t i s t s ,  Maxwell, about to  in troduce a 
ra th e r  extr® e physica l analogy, f e l t  th a t  he should ju s t i f y  h is  
method and wrote:
"In  order to  o b ta in  p hysica l ideas w ithout adopting a 
physica l theory  we must make ourselves fa m ilia r  w ith 
the ex istence  o f physica l an a lo g ies . By a physical 
analogy I  mean th a t  p a r t i a l  s im ila r i ty  between the 
laws of one science and those of ano ther which makes 
each of them i l l u s t r a t e  the o th e r. Thus a l l  the 
mathematical sciences a re  founded on re la t io n s  
between physica l laws and laws o f numbers, so th a t  
the aim of exact sc ience  i s  to  reduce the problems 
o f na tu re  to  the determ ination  of q u a n tit ie s  by 
opera tions w ith numbers. k?
In  th is  paper, by means of analogy Maxwell analysed M athem atically
6 3
two m atters which were p a r t ic u la r ly  im portant in  F araday 's  w ritin g s: 
the d is t r ib u t io n  o f l in e s  o f fo rce , and the h y p o th e tica l s t r a in  
between e le c t r i c a l  components which he ca lled  the "E lec tro to n ic  
S ta te " .
In  connection w ith the l in e s  o f fo rce , Maxwell wished to  advance 
beyond the d e sc rip tiv e  p ic tu re  of a p a tte rn  o f l in e s ,  surrounding 
a magnet or c u rre n t-c a rry in g  w ire , because th a t can only provide 
"the d ire c tio n  of the fo rce , bu t we should s t i l l  req u ire  some 
method of in d ic a tin g  the in te n s i ty  of the force a t  any p o in t."  
Maxwell's a l te rn a t iv e  method was to  "consider these curves not 
as mere l in e s ,  but as fin e  tubes of v a riab le  sec tio n  carry ing  
incom pressible f l u i d . ” Then, knowing the d ire c tio n  and magnitude 
of the v e lo s i ty  of the imaginary f lu id  i t  would be p o ssib le  to  
c a lc u la te  the d ire c tio n  and magnitude of the force a t  any po in t 
w ith in  the f i e ld .
Maxwell i s  c a re fu l to  in s i s t  th a t  h is  model i s  remote from 
p ra c t ic a l  observation:
" I t  i s  not even a h y p o th e tica l f lu id  in troduced to  
exp lain  the phenomena. I t  i s  merely a c o lle c tio n  
o f im aginary p ro p e rtie s  which may be employed fo r 
e s ta b lish in g  c e r ta in  theorems in  pure mathematics 
in  a way more i n te l l ig ib l e  to  many minds and more 
app licab le  to  physica l problems than th a t  in  which 
a lg eb ra ic  sy6o ls  alone are used ."
Maxwell t e l l s  us th a t  the imponderable f lu id , which possesses
no in e r t i a ,  flows in  uniform motion through a r e s is t in g  medium,
and th a t the re s is ta n c e  i s  p ro p o rtio n a l to the f l u i d 's  v e lo c ity ,
and exp lains th a t  the v e lo c ity  o f the imaginary f lu id  due to  a
2source "S" a t  a d is tan ce  r  v a rie s  in v e rse ly  as r  . Maxwell's 
own words summarize the e s s e n tia ls  of the paper b e t te r  than 
any of the commentators:
Gb
"Let us see what w ill  be the e f fe c t  o f s u b s t i tu t in g  
such a source fo r  every p a r t ic le  o f p o s itiv e  e le c t ­
r i c i t y ,  The v e lo c ity  due to  each source w ill  be 
p ro p o rtio n a l to  the a t t r a c t io n  due to  the c o rre s ­
ponding p a r t ic le ,  and the re s u lta n t  v e lo c ity  due 
to  a l l  the sources would be p roportional to  the 
r e s u l ta n t  a t t r a c t io n s  o f a l l  the p a r t i c le s .  Now 
we may find  the re s u l ta n t  p ressure  a t  any po in t by 
adding the p ressu res  due to  the given sources, and 
th e re fo re  we may find  the re s u lta n t  v e lo c ity  in  a 
given d ire c tio n  from the r a te  o f decrease o f pressure 
in  th a t d ire c tio n , and th is  w ill be p ro p o rtio n a l 
to  the re s u l ta n t  a t t r a c t io n  o f the p a r t ic le s  r e s ­
olved in  th a t d ire c t io n .
Since the r e s u l ta n t  a t t r a c t io n  in  the e le c t r i c a l  
problem i s  p ro p o rtio n a l to  the decrease o f pressure 
in  the imaginary problem, and since we may s e le c t  
any values fo r the constan ts  in  the imaginary 
problem, we may assume th a t  the re s u l ta n t  a t t r a c t io n  
in  any d ire c tio n  i s  num erically equal to  the decrease 
of p ressure  in  th a t  d ire c tio n , OR
X «s -  dp
by th is  assumption we fin d  th a t i f  V be the p o te n tia l  
dV ss Xdx + Ydy + Zdz = -  dp
OR, since  a t  an in f i i i i te  d is tance  V=0 and p=o, V= -p 
in  the e le c t r i c a l  problem we have
produced by each source in  order to  keep up the p ressure  
w ill  be very sm all.
The p o te n tia l o f any system of e l e c t r i c i ty  on i t s e l f  w ill  be
dx *
in  th$ f lu id
th e re fo re , S = h*yf dm 
k
I f  k be supposed very g r e a t ,  the amount o f f lu id
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I f  £ (d m )  , £-(dray be two systems o f e le c t r i c a l  p a r t ic le s ,  and 
p, p 1 be the p o te n tia ls  due to  them re sp e c tiv e ly , then by 
equation No, 32 (given e a r l i e r  in  the paper)
z M - % .
or the p o te n tia l  o f the f i r s t  system on the second i s  equal to  
th a t  o f the second system on the f i r s t .
So th a t in  the o rd inary  e le c t r i c a l  problems the analogy in  f lu id  
motion i s  o f th is  kind:
V = -p ,
X = dp = kv 
dx
dm = k  S ,
<rr
whole p o te n tia l  o f a system = -¿Vdm = k  W ,
w
where W i s  the work done by the f lu id  in  overcoming re s is ta n c e .
The l in e s  o f force are  the u n it  tubes o f f lu id  motion, and they 
may be estim ated num erically  byothose tu b e s ,”
In  the second p a rt of the paper Maxwell examines the 
E lec tro to n ic  S ta te , continues w ith some commentary, then he 
gives the equations he has derived and provides some ca lcu la ted  
examples. In  h is  s e c tio n , ’'Summary o f the Theory o f the E lec tro to n ic  
S ta te ” he w rite s :
"We may conceive o f the e le c tro to n ic  s ta te  a t  any 
po in t of space as a q u an tity  determ inate in  magnitude 
and d ire c tio n , and we may rep resen t the e le c tro to n ic  
condition  of a p o rtio n  o f space by any mechanical s^ te m  
which has a t  every po in t some q u an tity , which may be
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a v e lo c ity , a displacem ent, or a fo rce , whose d ire c tio n  
and magnitude correspond to  those of the supposed 
e le c tro to n ic  s t a t e .  This re p re se n ta tio n  involves no 
physica l theory , i t  i s  only a kind of a r t i f i c i a l  n o ta tio n . 
In  a n a ly t ic a l  in v e s tig a tio n s  we made use o f the th ree  
components of the e le c tro to n ic  s ta t e ,  and c a l l  them 
e le c tro to n ic  fu n c tio n s . We take the reso lved  p o rtio n  of 
the e le c tro to n ic  in te n s i ty  a t  every po in t o f a closed 
curve, and find  by in te g ra tio n  what we may c a l l  the 
e n tire  e le c tro to n ic  in te n s i ty  round the cu rv e .”
As an example, Maxwell takes a ’’sphere of diam agnetic or 
paramagnetic m atter in troduced in to  an e le c t r i c  c o i l” and continues:
’’Let us fin d  the e le c tro to n ic  functions due to  th is  
electrom agnet. I t  w ill  be in  the form
where¿P i s  some function  o f r .  Where there  i s  no e le c t r i c  cu rre n ts , 
we must have a2 , b2 , C2 each 0 , and th is  im plies
dr ¡36)+ r  d jj 1 - 0  
^  dr /
the so lu tio n  of which i s
ÛÔ =  C1 + C2
r 2
Maxwell sen t o f f -p r in ts  of h is  1855/6 papers read before 
the Cambridge P h ilo soph ica l so c ie ty  to  Michael Faraday, and received  
the encouraging rep ly :
"I received  your paper and thank you very much fo r i t .
I  do not say I  venture to  thank you fo r what you have 
sa id  about l in e s  of fo rce , because I  know you have done 
i t  fo r the in te r e s t s  of ph ilosoph ical tru th ;  but you
must suppose i t  i s  a work g ra te fu l to  me, and. gives 
me much encouragement to  th ink  on, I  was a t  f i r s t  
alm ost .'frightened when I  saw such mathematical force 
brought to  bear upon the  su b jec t, and then wondered to  
see th a t  the su b jec t could stand  i t  so w e ll. I  send by 
th is  post ano ther paper to  you; I  wonder what you w ill  
say to  i t .  I  hope, however, th a t bold as the thoughts 
may be, you may perhaps fin d  reason to  bear w ith them.
I  hope th is  summer to  make some more experiments on the 
time of magnetic a c tio n , or ra th e r  on the time requ ired  
fo r the assumption of the e le c tro to n ic  s t a t e ,  round a 
wire carry ing  a c u rre n t, th a t  may help  the su b jec t on. 
The time must probably be as the time o f l ig h t ;  but 
the g rea tness of the r e s u l t ,  i f  a ff irm a tiv e , makes me 
not d e s p a ir .”
Faraday then sen t to  Maxwell inform ation about h is  cu rren t 
in v e s tig a tio n s , and an ', exchange o f l e t t e r s  and resea rch  papers 
between the two s c ie n t i s t s  was e s ta b lish e d .
The enormous d iffe ren ce  between the n a tu ra l mental in c l in a t ­
ions of the two g rea t s c ie n t i s t s  i s  exposed in  a passage in  a 
l e t t e r  from Faraday to  Maxwell of 13th November, '1857»
” . . .  There i s  one th in g  I  would be glad to  ask you. 
When a mathematician engaged in  in v e s tig a tio n  o f 
p hysica l a c tio n s  and r e s u l ts  has a rr iv e d  a t  h is  
conclusions, may they not be expressed in  common 
language as f u l ly ,  c le a r ly , and d e f in i te ly  as in  
m athematical formulae? I f  so , would i t  not be a 
g rea t boon to  such as I  to  express them so? -  Trans­
la t in g  them out o f th e i r  h ie rog lyph ics, th a t  we 
a lso  might work upon them by experim ent. I  th ink  
i t  must be so , because I  have always found th a t you 
could convey to  me a p e rfe c t ly  c le a r  idea o f your 
conclusions, which though they may give me no f u l l  
understanding o f the s tep s  of your p rocesses, give 
me the r e s u l ts  n e ith e r  above nor below the tru th , 
and so c le a r  in  c h a rac te r th a t I  can th in k  and 
work from them. I f  th is  be p o ssib le , would i t  not 
be a good th in g  i f  m athem aticians, working on these , . 
su b je c ts , were to  give us the r e s u l ts  in  th is  
popular, u se fu l stai^e, as w ell as in  th a t  which is  
th e i r  own and proper to  them?”
N otw ithstanding the g u lf which separated  them in  th e i r  
approaches to  the su b jec t o f electrom agnetism , Maxwell held
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Faraday*s p ioneering  resea rch  in  the g re a te s t re sp ec t and apprec­
ia te d  i t s  p ra c t ic a l  v a lue . He wrote to  a frien d  in  1858^
"My stu d en ts  . . .  about 1^ + in  number, form a voluntary  
c la s s  and continue th e i r  s tu d ie s . •••  We have taken 
magnetism, and e l e c t r i c i t y ,  s t a t i c  and c u rre n t, and now 
are  a t  electrom agnetism  and Ampere’s law s. I  in tend  to  
make F araday 's  book the backbone o f a l l  the r e s t ,  as he 
h im self i s  the nucleus of everything e le c t r i c a l  since  
1 8 3 0 . M
Some very in te re s t in g  and i l lu s t r a t i v e  comments having r e f e r ­
ence to  Maxwell's exceedingly im portant papers of l 86l /2 are  a ffo rd ­
ed by the l e t t e r  Maxwell wrote to  Faraday on 19th October, l 86l :
" I  have l a t e ly  been studying  the theory  o f s t a t i c  
e le c t r i c  in d u c tio n , and have Endeavoured to  form a 
mechanical concept o f the p a r t played by the  p a r t ic le s  
of a i r ,  g la ss , o r o th e r d ie le c t r ic  in  the e le c t r i c  
f ie ld ,  the f in a l  r e s u l t  o f which i s  the a t t r a c t io n  and 
rep u ls io n  o f 'charged* bod ies.
The conception I  have h i t  on has le d , when worked out 
m athem atically , to  some very in te re s t in g  r e s u l t s ,  
capable o f te s t in g  my theory , and ex h ib itin g  numerical 
r e la t io n s  between o p t ic a l ,  e le c t r i c ,  and electrom agnetic  
phenomena, which I  hope soon to  v e r ify  more com pletely . .  
When I  began to  study e l e c t r i c i ty  m athem atically , I  
avoided a l l  the old tra d it io n s  about fo rce a c tin g  a t  a 
d is ta n ce , and a f te r  reading  your papers as a f i r s t  s tep  
to  r ig h t  th in k in g , I  read the o th e rs , in te rp re t in g  as 
I  went on, bu t never allow ing myself to  exp lain  anything 
by these fo rc e s . I t  i s  because I  put o f f  read ing  about 
e l e c t r i c i t y  u n t i l  I  could do i t  w ithout p re jud ice  th a t 
I  th in k  I  have been able to  get hold of some o f your 
id e a s , such as the e le c tro to n ic  s t a t e ,  a c tio n  ofcmtnguas parts 
, e t c . ,  and my c h ie f  o b jec t in  w ritin g  to  you i s  to  a s c e r t­
a in  i f  I  have got the same ideas which led  you to  see your 
way to  do th in g s , or whether I  have no r ig h t  to  c a l l  my 
notions by your names. 11
The period 1860-65» when Maxwell was P ro fesso r of N atural P h il-  
osophy and Astronomy a t Kings C ollege, London, was d is tin g u ish ed  by 
the production of h is  most im portant papers. In  ad d itio n  to  h is  i 860
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paper "On the Theory of Colours" given before the Royal Society  -  
which won fo r him the Rumford Medal -  i t  was a lso  the time when he 
was experim enting w ith the measurement of the capac ity  of cap ac ito rs  
and the na tu re  of th e i r  d ischarges, and the c h a ra c te r is t ic s  of d ia l -  
e c t r i c s .  That work was to  be o f the g re a te s t value to  him when he 
ed ited  and annotated the resea rch  notes of Henry Cavendish, published 
in  l8?9* These were the years when he wrote h is  very im portant 
papers, "On the Physical Lines of Force" ( l8 6 l/2 )  and "On the Dynamical 
Theory of the Electrom agnetic F ie ld ."  (1864)
Maxwell re a liz e d  th a t  the s c ie n t i f i c  world needed a u n ified  
theory of e le c t r i c  and magnetic behavior such th a t  i t  would be p o ssib le  
to  p re d ic t e lectrom agnetic  a c tio n  in  space and time under p a r t ic u la r  
co n d itio n s . I t  was to  be h is  g rea t achievement th a t  he produced such 
a theory . His m athematical ex p osition  is  complex, n ev erth e less  he 
could summarize in  a s e t  of equations the numerous p a tte rn s  o f e le c tro ­
magnetic behavior e s s e n t ia l ly  in  terms of the e le c t r i c  f ie ld  E and the 
magnetic f ie ld  H. His theory  provided the mathematical b a sis  fo r  the 
concept of f ie ld s ,  which was to  ex e rt such appowerful influence 
on so many branches o f P hysics.
When w ritin g  "On the P hysical Lines of Force" Maxwell wished to  
accommodate the time occupied by electrom agnetic induction  as Faraday 's  
contiguous p a r t ic le s  acted  upon each o th e r. He found th a t these 
p a r t ic le s  in  the ae th e r possessed both e l a s t i c i ty  and mass, and he 
incorporated  these c h a ra c te r is t ic s  in  a mechanical model. But h is  
n a tu ra l and in s t in c t iv e  approach was th a t  of the "Mathematic" and 
h is  chosen model i s  most in e leg an t and open to  c r i t i c a l  comment 
and t ru ly  an u n sa tis fa c to ry  in tro d u c tio n  to  a su b tle  theory .
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Dr, K .I.L  MacDonald has w r i t t e n :^
"What is  o ften  im portant when dealing  w ith fo rces (o r 
fo r th a t m atter any o th er problem in  science) i s  to  
have some adequate "p ic tu re "  or way of th ink ing  v isu a lly  
about the behavior, to  help  one in  p red ic tin g  how those 
fo rces w ill a c t  in  a given s i tu a t io n .  Today th is  p ic tu re  
u su a lly  becomes more valuable the c lo se r  one i s  involved 
w ith experim ental work, but sometimes the modern th e o r is t  
i s  c r i t i c a l  o f try in g  to  v isu a liz e  how fo rces a c t in  
n a tu re , and he may say th a t  i f  we can express the behavior 
m athem atically th a t  i s  the b est (and a l l )  th a t we can do."
The model which Maxwell o ffe rs  i s  a contrivance so curious as
to  be grotesque and o f such an im prac tica l na tu re  as to  make any
engineer wince.
Mechanical Model of the Electrom agnetic F ie ld
from M axwell's "T rea tise  on E le c tr ic i ty  and Magnetism
P ie rre  DuXhem has observed: "We thought we were en te rin g
the tra n q u il and n e a tly  ordered abode of reason, but we find  ourselves 
in  a f a c to r y .^
Perhaps Maxwell considered th a t h is  model would serve as a 
su b s ta n tia l  a id  towards the understanding of the non-professional 
m athem aticians, but fo r him i t  must have been l ig h t ly  valued as a 
t ra n s i to ry  s tep  towards the mathematical expressions.
Faraday had suggested th a t th e re  must be a ten sio n  along the 
l in e s  of force in  diam agnetic media, now Maxwell constructed  a 
mechanical model which incorporated  these elem ents, and introduced 
a type of "b a ll-b ea rin g "  between the v o r tic e s , to  suggest c u rre n t, 
arranged in  such a way th a t  i t  i s  p o ssib le  fo r contiguous su rfaces  
of p a r t ic le s  and v o rtic e s  to  have the same motion. In  Maxwell's 
words:
"When the e le c t r i c a l  p a r t ic le s  move out of p lace , they 
c o n s ti tu te  an e le c t r i c  c u rre n t. The p a r t ic le s  move 
from one vortex  to  the next while cu rren t i s  flow ing.
In  making the t r a n s i t io n ,  they may jump around and 
cause an energy lo s s  which appears as h e a t, but while 
they are  ro ta t in g  in  place there  i s  supposed to  be 
no slippage between the p a r t ic le s  and the v o r tic e s , 
and no lo s s  o f energy. Thus i t  remains p o ssib le  to  
m aintain a magnetic f ie ld  in d e f in a te ly ."
Another c h a ra c te r is t ic  o f h is  model i s  th a t  in  a d ie le c t r ic  
the e le c t r i c a l  p a r t ic le s  can not move, th e re fo re  th e re  i s  no 
c u rre n t. The to ta l  displacem ent (D) i s  d ir e c t ly  p ro p o rtio n a l to  
the force a c tin g  on the b a l l s .  The constant of p ro p o r tio n a lity  
i s  analogous to  the s p e c if ic  inductive  capacity  (£) o f the 
medium (D=£E). The energy of the e le c t r i c  f ie ld  i s  equal to  the 
work done in  d is to r t in g  the p a r t ic le s ,  so i s  the force exerted  
by the v o rtic e s  m u ltip lied  by the d istance  the m a te ria l i s  d is -  
placed (which i s  p ro p o rtio n a l to  ED + £E ) .
When an ex te rn a l force i s  exerted  upon p a r t ic le s ,  they 
d i s to r t  so th a t  they press ag a in s t each o ther and the contiguous 
v o r tic e . The force o f one b a ll  upon another i s  supposed to  
rep resen t e le c t r i c a l  fo rce  due to  charge.
In  t ru th ,  the attem pt a t  m aintaining s im i la r i t ie s  w ith the 
crude mechanical model must be a severe denstra in t on Maxwell. In  
ob ta in ing  h is  equations he follows the development o f th ree  basic  
assum ptions: th a t  the v o rtic e s  provide purely  magnetic e f fe c ts ;
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th a t  the e le c t r i c a l  b a l ls  provide re la t io n s  between cu rren t and 
magnetism, and la te n t  e l a s t i c i t y  of the e le c t r i c a l  b a l ls  accounts 
fo r the e le c t r o s ta t ic  e ffec ts*
By equation Maxwell was ab le to  show th a t wave motion ( in  
the form of changing magnetic and e le c t r i c  f ie ld s )  could propagate 
i t s e l f  f re e ly  in  space w ithout damping, the waves ra d ia tin g  out 
from th e i r  s ta r t in g  point* He was able to  p re d ic t the speed of 
electrom agnetic  waves t r a v e l l in g  in  space, which was found to  be 
p ra c t ic a l ly  the same as the speed of l i g h t .  As the rays of the 
sun can propagate through empty space to  reach the e a r th , so 
Maxwell could id e n tify  l ig h t  as a form of electrom agnetic  rad ia tio n *
In  h is  186A paper, "A Dynamical Theory of the E lectrom agnetic 
52F ie ld " , Maxwell expanded upon the theory given in  the e a r l i e r  
papers, and divorced h im self from the r e s t r ic t io n s  of h is  mechanical 
model. He ch arac te rized  new p ro p e rtie s  belonging to  electrom agnetic  
waves, such as the fa c t  th a t  they are a l l  tran sv erse  ( r a th e r  than 
lo n g itu d in a l)  and he was able to  c a lc u la te  the energy o f the 
e le c t r i c  and magnetic components o f the electrom agnetic  wave.
F u rth er, he could account fo r  the behavior of p o la rized  l ig h t  
in  c ry s ta ls ,  which corresponded w ith the p rev a ilin g  th e o rie s  of 
l ig h t .
In  the in tro d u c tio n  to  "A Dynamical Theory o f the Magnetic 
f ie ld " ,  he says:
"The most obvious mechanical phenomenon in  e le c t r i c a l  
and magnetic experiments i s  the mutual a c tio n  by 
which bodies in  c e r ta in  s ta te s  s e t  each o ther in  
motion while s t i l l  a t  a sen s ib le  d is tance  from each 
o th e r. The f i r s t  s te p , th e re fo re , in  reducing these 
phenomena in to  s c ie n t i f i c  form, i s  to  a s c e r ta in  the 
magnitude and d ire c tio n  o f the force a c tin g  between 
the bodies, and when i t  wqs found th a t th is  force 
depends in  a c e r ta in  way upon the r e la t iv e  p o s itio n  
of the bodies and on th e i r  e le c t r ic  or magnetic 
cond ition , i t  seems a t  f i r s t  s ig h t n a tu ra l to  exp lain  
the fa c ts  by assuming the ex istence  o f something 
e i th e r  a t  r e s t  or in  motion in  each body, c o n s t i tu t­
ing  i t s  e le c t r i c a l  or magnetic s ta t e ,  and capable of 
a c tin g  a t  a d is tan ce  according to  mathematical law s.
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The theory  I  propose may be c a lled  a theory  o f the 
Electrom agnetic F ie ld , because i t  has to  do w ith 
space in  the neighbourhood o f the e le c t r i c  or 
magnetic bod ies, and i t  may be c a lled  a Dynamical 
theory  because i t  assumes th a t  in  th a t  space there  
i s  a m atter in  motion, by which the observed 
electrom agnetic  phenomina are produced.”
Maxwell in troduces twenty equations, involv ing  twenty v a riab le  
5 3q u a n ti t ie s .  T h e rea fte r, he expresses in  terms of these  q u a n tit ie s :
”The in t r in s ic  energy o f the electrom agnetic  f ie ld  has 
dependence p a r t ly  on i t s  magnetic and p a r t ly  on i t s  e le c ­
t r i c  p o la r iz a tio n  a t  every p o in t. From th is  I  determine 
the  mechanical e f fe c t  a c tin g , firsr t on a moveable conductor 
carry in g  an e le c t r i c  c u rre n t; secbndly, on a magnetic pole; 
th ird ly  on an e le c t r i f i e d  body. The l a s t  r e s u l t ,  namely 
the mechanical e f fe c t  a c tin g  on an e le c t r i f i e d  body, gives 
r i s e  to  an independent method o f e le c t r i c a l  measurement 
founded on i t s  e le c t r o s ta t ic  e f f e c t s .”
Next he shows how to  c a lc u la te  the e le c t r o s ta t ic  capac ity  o f a 
c ap ac ito r, and the s p e c if ic  induc tive  capacity  o f a d ia le c t r i c .
Maxwell ap p lie s  the general equations to  the case o f a magnetic 
d istu rbance  propagated through a non-conducting f ie ld ,  and shows th a t 
the only d istu rbances which can.so  propagate are those which are 
tran sv erse  in  the d ire c tio n  o f propagation, and th a t  the v e lo s ity  
of propagation i s  the v e lo c ity  ”v", found from experim ents, such as 
those of Weber, which expresses the number o f e le c t r o s ta t ic  u n its  
o f e l e c t r i c i ty  which a re  contained in  one electrom agnetic  u n i t .
Maxwell i s  very emphatic w ith regard  to  h is  re fe ren ces  to  
energy -  a t  the end o f P a rt Three o f the paper, he w rite s :
”In  speaking o f the energy of the f i e ld ,  however, I wish 
to  be understood l i t e r a l l y .  A ll energy i s  the same as 
mechanical energy, whether i t  e x is ts  in  the form of 
motion or in  th a t  of e l a s t i c i t y ,  or in  any o ther form.
The energy in  the electrom agnetic  phenomena i s  mechanical 
energy. The only question  i s ,  where does i t  re side?
On the old a u th o r i t ie s  i t  re s id es  in  the e le c t r i f ie d  
bodies, conducting c i r c u i t s ,  and magnets, in  the form 
of an unknown q u an tity  c a lled  p o te n tia l  energy, or
7 ^
the power o f producing c e r ta in  e f fe c ts  a t  a d is ta n ce .
On our theory i t  re s id e s  in  the e lectrom agnetic  f ie ld ,  
in  the space surrounding the e le c t r i f ie d  and magnetic 
bodies, which may be described w ithout hypothesis as 
magnetic p o la r iz a tio n  and e le c t r ic  p o la r iz a t io n , o r, 
according to  a  very probable hypothesis, as the motion 
and s t r a in  o f one and the same medium."
L ater Maxwell in v e s tig a te s  "the p ro p e rtie s  o f the e le c tro ­
magnetic f i e ld ,  deduced from electrom agnetic phenomena alone, which 
a re  s u f f ic ie n t  to  exp lain  the propagation o f l ig h t  through the same 
substance ."  He concludes th a t  the "agreement o f the r e s u l ts  seems 
to  show th a t  l ig h t  and magnetism are  a f fe c ta tio n s  o f the same 
substance, and th a t  l ig h t  i s  an electrom agnetic d istu rbance  pro­
pagated through the f ie ld  according to  electrom agnetic  law s."
The theory which Mgxwell developed in  h is  th ree  major papers 
on electrom agnetism  were fu r th e r  re fin ed  and expanded in  h is  g rea t 
textbook, -A T rea tise  on E le c t r ic i ty  and Magnetism, published in  
1873* I t  was p rim arily  from th is  textbook th a t  the s c ie n t i f i c  
world learned  to  re sp ec t the equations which became u n iv e rsa lly  
known as "Maxwell's E quations." U nfortunately , James C lerk Maxwell 
died a t  the age o f ^8 in  1879» and d id  not l iv e  to  see the confirm­
a tio n  o f h is  p re d ic tio n  r e la t in g  to  a r t i f i c i a l l y  induced e le c tro ­
magnetic ra d ia tio n s . In  1887 H einrich Hertz c a rr ie d  out experiments 
w ith a h igh-vo ltage  spark  d ischarge v ia  a p a ir  of p la te s ,  and was 
ab le to  receive  the e lectrom agnetic  ra d ia tio n s  by means o f a 
metal d e tec to r r in g .
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SUMMARY
Thus we can observe the slow and un certa in  progress of e le c t r i c a l  
s tu d ie s  during the 18th century  as amateur Naural Philosophers pursue 
th e i r  own personal in te r e s t s ,  and a few academics seek new knowledge 
which might l in k  to g e th e r n a tu ra l forces* With V o lta 's  discovery 
of e le c t r i c a l  charges asso c ia ted  w ith d is s im ila r  m etals in  co n tac t, 
and h is  inven tion  o f the "E le c tr ic  P i le " ,  the way was prepared fo r 
an a cc e le ra tio n  o f in ven tive  a c t iv i ty ,  when ou tstand ing  s c ie n t i f ic  
b ra in s  s tru g g led  to  analyse complex phenomena in  ill-eq u ip p e d  la b ­
o ra to ries*
O ersted 's  experiments id e n tif ie d  the in te ra c t io n  o f e l e c t r i c i ty  
and magnetism, and h is  1820 announcement to  the European men of 
sc ien ce , s e t  them to  examine the p ro p e rtie s  o f the magnetic f ie ld  
which surrounds the c u rre n t-c a rry in g  w ire . Soon mathematical 
p h y s ic is ts  l ik e  Ampère and Ohm applied  numerical lo g ic  to  the 
observed behavior and provided equations and formulae to  r e la te  
vo ltag e , c u rre n t, and re s is ta n c e , to  guide the next generation  of 
re se a rc h e rs •
In  America, Henry f i r s t  working in  ignorance o f the contem­
porary research  o f Faraday, experiments in  the l a te  1820*s w ith a 
p rim itiv e  e le c t r i c  motor, develops the iron-cored  electrom agnet, 
and id e n t i f ie s  the functions o f s e r ie s  and p a ra l le l  c i r c u i t s .  He 
then lay s  the foundation fo r transform er s tu d ie s , in v e s tig a te s  
se lf-in d u c tan ce  and the phenomenon of cu rren t o s c i l la t io n  and 
pioneers e le c t r i c a l  të leg rap h y . Like Faraday, Henry i s  a 
"V isua lizer"  who conducts and in te rp re ts  h is  experiments in  a 
non-mathematical manner.
F araday 's  e le c t r i c a l  s tu d ie s  correspond in  many re sp ec ts  
w ith those o f Henry, but are  more extended in  time and v a rie ty ; 
b u ild in g  upon knowledge o f h is  p redecessors, he continuously 
explores the p ro p e rtie s  o f e lectrom agnetic  phenomena from 18 31 , 
as recorded in  h is  Experim ental Researches in  E le c t r ic i ty .  He 
makes major co n trib u tio n s  in  the study of the transform er, the gen- 
e ra to r , and the behavior o f the soldinoid. Applying h is  th eo rie s  
on Lines o f Force he explores the phenomena o f capacitance and 
inductance* His th e o rie s  a t t r a c t  the a tte n tio n  of g rea t mathematic­
ia n s , the f i r s t  of which was William Thomson (Lord K elvin) who was 
in sp ired  to  incorpora te  them in  h is  f i r s t  mathematical theory of 
electrom agnetic  a c tio n  ( l 8*f6) ,  and subsequently re tu rned  to  them 
in  1853 when o ffe rin g  the f i r s t  mathematical expressions governing 
the o s c i l la t io n  of cu rren t in  c o i ls .
F araday 's Lines o f Force were a lso  used as a s ta r t in g  po in t 
by Maxwell, who brought num erical exactness to  Faraday 's  graphic 
analog ies a sso c ia ted  w ith the p ro p e rtie s  of capacitance and in d u c t­
ance. Maxwell, the ou tstand ing  "Mathematic", p rogresses in  h is  
papers of 1855/6 and l 86l /2  and 1864 towards a u n if ie d  theory  of 
e le c t r i c a l  and magnetic phenomena; bu t the f u l l e s t  expression  of 
i t  i s  given in  h is  T rea tise  on E le c t r ic i ty  and Magnetism (l873 )i 
where w ith h is  s e t  of equations, he i s  able to  summarise e le c tro ­
magnetic behavior in  terms o f the  e le& tric  f ie ld  E and the magnetic 
f ie ld  H, and provide the mathematical b a s is  fo r  the concept of 
f ie ld s .
In  the course of th ree  generations of study, e l e c t r i c i ty  
and magnetism had advanced from an amateur preoccupation to  a 
so p h is tic a te d  s c ie n t i f i c  d is c ip l in e .  A number of the e a r l i e r
pioneers had been "V isu a lize rs"  and non-mathematical in  th e i r  
approach, but from the middle of the 19 th  century the lead ing  
e le c t r i c a l  fig u res  were f lu e n t mathematicians whose complex 
th e o rie s  could not have been developed w ithout a b s tra c t  an a ly s is  
of the q u a n tit ie s  o f the physical world. These p ioneers, by 
th e i r  w ritin g , made i t  p o ssib le  fo r  a g rea t many o th ers  w ith 
varying degrees o f in te r e s t ,  both "V isua lizers"  and "Mathematics", 
to  le a rn  of the new sc ien ce .
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CHAPTER THREE
TEXTBOOKS WHICH HAVE SERVED STUDENTS OF ELECTRICITY
3 .1
Early E le c tr ic a l  Textbooks
For more than a generation  follow ing Faraday 's g re a te s t 
researches th e re  were few textbooks av a ilab le  to  the studen ts  
o f e l e c t r i c i ty  whether amateur or academic, and as those 
studen ts  were lim ited  in  number, th e re  was l i t t l e  inducement 
to  the p u b lishers  to  c a te r  fo r th e i r  needs. The "P ro fessional"  
e le c tr ic ia n s  were a t  f i r s t  mostly asso c ia ted  w ith the few 
u n iv e rs i t ie s  and te ch n ica l in s t i tu t io n s  where th e re  was an 
ap p rec ia tio n  o f the advantages to  be gained by encouraging th is  
l in e  of .^ s c ie n tif ic  resea rch ; b u t, when telegraphy became commer­
c ia l ly  v iab le  in  the l 860' s ,  and e le c t r i c  l ig h tin g  reached the 
stage  of p ra c t ic a l  a p p lic a tio n  in  the l 870's  there  appeared an 
inc reasin g  number of vocational e le c tr ic ia n s  to  be educated.
The serio u s  amateursnahd the academics kept a b re a s t of 
e le c t r i c a l  developments through ;the papers read before the Royal 
S ociety , and the re p o rts  of the B r i t is h  A ssociation fo r the 
Advancement o f Science, and those of the ^ ^ t4 s l l  I n s t i tu t io n ,  
supplemented by the few jo u rn a ls  which recorded the work of 
fo re ign , p r in c ip a lly  C ontinen tal European s c ie n t i s t s .  P e rio d ica ls  
such as The American Journal of Science, S c ie n tif ic  American, 
N ature, and Van N ostrand 's Magazine, were widely read ; and from 
l 86l ,  most im portant of a l l ,  The E le c tr ic ia n , th a t  valuable weekly
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p u b lica tio n  which c a rrie d  the cu rren t news of a l l  th a t  was most 
e x c itin g  from the la b o ra to r ie s  and s tu d ie s  of workers world-wide, 
and on the pages o f which eminent B r i t is h  e le c t r i c a l  th e o r is ts  l ik e  
William Thomson, James C lerk Maxwell, and l a t t e r l y ,  O liver Heaviside 
propounded th e i r  views.
By the middle o f the l860*s pub lishers  re a liz e d  th e re  was a 
market fo r elem entary surveys o f e le c t r i c a l  sc ien ce . A few were 
p rin ted  and proved the s tre n g th  o f the demand fo r  inform ation in  
th is  ra p id ly  expanding f ie ld ,  and encouraged the production o f more 
sch o la rly  works p rim arily  d ire c ted  towards the s tu d en ts  a tten d in g  
educational in s t i tu t io n s ,  and those who had am bition to  en te r  them.
In  an age when self-im provem ent was a passion w ith many, and 
education beyond the elem entary stage  was deemed to  be the key to  
progress in  the world, those in tro d u cto ry  books '¡jwere warmly 
welcomed by those who could not b e n e f it  from the mathematical 
p re sen ta tio n s  in  the academic jo u rn a ls , and provided a stepp ing  
stone to  more advanced te x ts .
One p ioneering  work o f an elem entary n a tu re , d a tin g  from 1862 
and h igh ly  esteemed in  i t s  tim e, was A T rea tise  on the P rin c ip le s  
o f E le c tr ic a l  Accumulation by F.C. Webb. I t  i s  p rim arily  concerndd 
w ith e le c t r o s ta t ic  phenomena, couched in  e a s ily  understandable 
language and employing the minimum of mathematics, w ith s u f f ic ie n t  
i l lu s t r a t io n s  to  c la r i f y  the to p ic s  under d iscu ss io n . I t  was a 
work which brought to g e th e r a good deal of what was known about 
the su b jec t a t  the tim e, and one which was ch arac te rized  by a 
m issionary educational z e a l.
The author writes in his preface of one of his intentions:
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"The p rec is io n  w ith which P ro fesso r Ohm’s laws of the v o lta ic  
c i r c u i t  coincide w ith , and account fo r a l l  the various e f fe c ts  
which a r is e  from an a l te r a t io n  in  the s iz e  of p la te s ,  amount 
o f re s is ta n c e , e t c . ,  in  a v o lta ic  c i r c u i t ,  i s  a lready  gen era lly  
adm itted and the equations a re  given in  most fo reign  works on 
the e le c t r i c a l  te leg raphy . In  the fevj modern works which we 
possess in  England, on v o lta ic  e le c t r i c i ty ,  i t  i s  to  be r e g re t­
ted , however, th a t  Ohm's formulae, so im portant in  th e i r  bear­
ing on many te leg rap h ic  problems, do not o ften  appear, and in  
these few exceptions they a re  not considered w ith th a t d e ta i l  
which th e i r  compréhensive nature  and importance m e rit."
The Author gives an account o f some of the p r in c ip a l research  
r e s u l ts  of Faraday, and De La Rive and S ir  W. Snow H a rris , and 
comments on th e i r  d isco v e rie s . He 'deals w ith the charging of 
condensers by means of e le c t r i c a l  machines, and d escribes the 
d if fe re n t  types of Leyden J a rs  a v a ilab le  to  the re sea rch e r, and 
th e i r  c a p a c it ie s , and the means o f d ischarg ing  them, and he gives 
mathematical c a lc u la tio n s  i l l u s t r a t i n g  th e ir  charge and d ischarge .
He w rites  o f numerous experiments w ith condensers, and exp lains 
the measurements which can be taken w ith the e lec tro sco p e . While 
F araday 's e le c t r i c a l  researches underpin the g re a te r  p a r t o f h is  
work, there  i s  much th a t  i s  personal in  comment,and s tro n g  induce­
ment is  given to  the s tu d en t to  experiment fo r h im se lf, and he 
o ffe rs  some th eo riz in g  about then l i t t le -u n d e rs to o d  phenomena, 
such as the nature o f the e a r th 's  pov/er o f d is t r ib u t in g  charge.
In  1867 Henry M. Noad, L ectu rer in  Chemistry a t  S t .  George's 
H osp ita l, o ffe red  to  vocational s tu d en ts  a thoroughly sound and 
in te re s t in g  work c a lle d  The S tu d e n t's  Textbook of E le c t r ic i ty .
The author acknowledges h is  g rea t debt to  F araday 's Experimental 
Researches in  E le c t r ic i ty , and the a ss is tan c e  he has received  
from the w ritin g  of William Thomson, Fleeming Jenk in , and o ther 
e le c t r i c a l  educators, bu t the p re sen ta tio n  and commentary are  h is  
own. In  ad d itio n  to  dealing  w ith f r ic t io n a l  e l e c t r i c i ty ,  the
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chemical e f fe c ts  of cu rren ts  from b a t te r ie s ,  and e le c t r o s ta t ic  
induction , he gives much a t te n tio n  to  the condenser in  the form 
of Leyden J a rs  and t e l l s  of experiments which were c a rr ie d  out 
by Faraday and o th er s c i e n t i s t s ,  and he f i r e s  the students* 
im agination w ith accounts of the awesome power possessed by 
la rg e  b a t te r ie s  of Leyden J a r s ,  which in  th e i r  d ischarg ing  can 
melt, iro n , te a r  a p a r t blocks o f wood, and magnetize s te if l b a r s ,e tc .
Bearing in  mind the needs of h is  read ers , he describes the 
uses to  which V olta ic  e l e c t r i c i t y  may be put, d e ta i ls  Ohm’s law 
and i t s  a p p lic a tio n s , and exp lains the u t i l i t y  o f W heatstone’s 
B ridge. His sec tio n s  on electro-m agnetism  are  designed to  
encourage p ra c tic a l  a p p lic a tio n s : not only does he t e l l  of
F araday 's experim ents, but w rite s  on "electro-m agnetic  engines", 
and comments on the p rospects of using  the "prodigious force o f 
electro-m agnets and th e i r  power of annuling or rev e rsin g  in  an 
in s ta n t ,  which might seem to  ju s t i f y  the hope of th e i r  a ffo rd in g  
a motive power as en erg e tic  and more economical than even steam ." 
But he doubts i f  th e re  w ill  ever be "magnetic engines" providing 
a cheap or e f f ic ie n t  source of power because b a t te r ie s  employ 
zinc and acid  and copper which a re  more expensive than co a l.
Noad describes various m agneto-generators based on F araday 's 
and H enry's re sea rch es , and the degree of success in  ob ta in ing  
continuous c u rren t from these  machines. He t e l l s  o f the work 
of P ix i i  and Saxton, and o f the d isp lay s  a t  the 1862 In te rn a tio n a l 
E xh ib ition  o f the a p p lic a tio n s  o f "m ag n eto -e lec tric ity "  to  the 
production of l i g h t .  The stu d en ts  are given an account o f the 
nature  o f induction  c o ils  and th e i r  uses to  produce high vo ltages 
fo r  research  purposes. He describes Ruhmkorff's improvements,
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and the s tu d en ts  a re  encouraged to  specu la te  on the a p p lica tio n s  
of the instrum ent, and he gives some account of the experiments 
whereby remarkable coloured e f fe c ts  could be obtained by discharge 
through various g a s e s .
Noad’s textbook i s  u p -to -d a te  w ith the cu rren t a p p lica tio n s  
of e l e c t r i c i ty ,  and in stan ces  i t s  use to  drive looms in  the co tton  
in d u s try , engraving instrum ents in  the workshop, e le c t r i c  thermometers 
in  the lab o ra to ry , and clocks in  the home* The q u a l i t ie s  of the 
textbook are such th a t i t  i s  easy to  understand why i t  achieved 
i t s  considerable  re p u ta tio n ,
A year a f t e r  Noad published h is  textbook fo r s tu d en ts , he 
issued  a book on the in d u c to r, s p e c if ic a l ly  aimed a t  the amateur 
e le c tr ic ia n  who wished to  co n stru c t h is  own equipment and carry  out 
research  and experiment w ith i t .  This was The Induetorium  (o r 
"Induction  C o il, being a popular exposition  of the e le c t r i c a l  
p r in c ip le s  on which i t  i s  co n structed , w ith the d e sc rip tio n  o f a 
s e r ie s  o f b e a u tifu l and in s tru c t iv e  experiments i l l u s t r a t i v e  of 
the phenomena of the induced c u r re n t .”)
Following a sketch  of the re sea rch  r e s u l ts  o f O ersted, Ampvere 
and Faraday, and experim ents o f Joseph Henry, he d escribes the 
theory  o f the in d u c to r, and exp lains the nature o f the ’’ex tra  
c u rre n t” (back-EMF). He then shows the p ra c tic a l  uses o f inductors 
as applied  to  the ’’dynamo-magneto machines” o f Wheatstone and Siemens. 
He gives an account o f the co n stru c tio n  of induction  c o ils  su ita b le  
fo r  am ateurs, and describes numerous experiments employing the 
d ischarges of the c o il  through g la ss  con tainers exhaused of a i r  
and f i l l e d  w ith various gases or chem icals.
Noad’s textbook enjoyed considerable p o p u la rity , p a r tly  on 
account o f the q u a lity  o f the w ritin g , and p a r t ly  because he had
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the fo re s ig h t to  arrange w ith a London instrum ent-m aker to  
provide "kits'* w ith which to  ca rry  out the experiments which 
he p re sc rib ed .
An e x c e lle n t, comprehensive, although compact textbook fo r 
beginning u n iv e rs ity  s tu d en ts  and techn ic ians was published 
by Fleeming Jenk in , P ro fesso r o f Engineering in  the U niversity  
of Edinburgh, in  1873« In  h is  p reface he explains th a t he had 
"long known th a t  an elem entary t r e a t i s e  on e l e c t r i c i ty  and 
magnetism was much needed because the e le c t r i c a l  science
of the mathematicians i s  so d is s im ila r  from th a t of the p ra c tic a l  
e le c tr ic ia n s  th a t i t  had been q u ite  im possible to  give s tuden ts  
any s u f f ic ie n t ,  or even approxim ately s u f f ic ie n t  tex tbook ."
With the a id  of 17^ l in e  i l lu s t r a t io n s ,  Fleeming Jenkin 
describes and comments upon the e le c t r i c a l  phenomena which he 
considers i t  e s s e n tia l  fo r  e le c t r i c a l  s tuden ts to  understand. 
Employing, fo r the most p a r t a rith m e tic  and simple a lg eb ra ic  ex«;- 
p ressio n s , he describes the p rin c ip a l e le c t r o s ta t ic  co n d itio n s , 
c le a r ly  showing the re la tio n s h ip s  between charge and p o te n tia l  
and cap ac ity , and d iscusses the measurements employed in  a sse ss ­
ing  e le c t r o s ta t ic  fo rc e s . In  h is  sec tio n  on magnetism he explains 
the natu re  o f magnetic f ie ld s  and electrom agnets, and the measure­
ment o f e lectrom agnetic  induction , and shows how these phenomena 
are  of p ra c t ic a l  importance in  te leg raphy . His s e c tio n  on cu rren ts  
i s  p a r t ic u la r ly  in te re s t in g  and in s tru c tiv e  by means of a number 
of simple experim ents, p ic to r ia l ly  recorded, to  demonstrate various 
phenomena a sso c ia ted  w ith cu rren t flow and the in te ra c t io n  of 
c e r ta in  magnetic e f f e c t s .
S u b s ta n tia l coverage is  given to  the theory  o f the condenser, 
and he compares the charging of the Leyden J a r  by e le c t r o s ta t ic
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induction  w ith th a t given by v o lta ic  b a t te r ie s ,  and exp lains how 
a comparative estim ate  of the c a p a c itie s  of d if f e r e n t  condensers 
may be made by " re la t iv e  throws of the galvanom eter." He d esc rib es , 
and i l l u s t r a t e s  w ith simple drawings, the various arrangements of 
apparatus whereby experiments may be ca rried  ou t, and shows th a t 
the capacity  of the condenser i s :
S ~ £  See: Notes', No. 1 . 
i
With an abundant use of diagrams to  a s s i s t  the s tu d e n t 's  
understanding, he shows th a t  when the d istance  between two conden­
se rs  i s  dim inished the capac ity  o f the condenser i s  increased? 
lik ew ise , by in c reasin g  the s iz e  of the opposing p la te s  and 
dim inishing the d is tan ce  between them, there  is  an increase  in  
the q u an tity  which the condenser w ill  s to re  when ra ise d  to  a 
given p o te n t ia l .  He exp lains th a t :  "The c o e f f ic ie n t by which the
capac ity  of an a i r  condenser must be m u ltip lied  in  order to  give 
the capac ity  o f the same condenser when another d ie le c t r ic  i s  
su b s titu te d  fo r a i r  i s  constan t fo r each substance, and i s  ca lled  
the "S pecific  Inductive  Capacity" of the d ie le c t r i c .  I t  i s  a 
q u an tity  o f much importance in  te leg raphy . I t  has been approxim­
a te ly  determined fo r a few su b stan ces ."  And he o ffe rs  the s tu d en ts  
a " tab le  o f numbers" fo r  th e i r  guidance.
A sm all s ec tio n  of the book i s  devoted to  the b asic  p r in c ip le s  
o f the "E lectro-m agnetic Engine" which was then beginning to  become 
a p ra c t ic a l ,  ra th e r  than a lab o ra to ry  in te r e s t .  His s tu d en ts  must 
have an understanding of the nature  of electrom agnetic  induction  
observed when moving a conductor across l in e s  of magnetic fo rce , 
and he w rite s :
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"The work done on the conductor i s  found by observation  
to  be rep resen ted  by an increment or dim inution in  the 
cu rren t flowing through th a t  conductor; now the work done 
by a cu rren t i s  by d e f in i t io n  equal to  EQ = ECt, where 
E -  the electrom otive force a c tin g  between the ends of 
the conductor.
I f  a u n it  leng th  of the conductor be moved a d is tan ce  
L across the l in e s  of magnetic force in  a f ie ld  o f in te n s i ty  
H, the work done w ill  be L = CHL, hens«, as the work done 
by the cu rren t must be equal to  the work expended in  moving 
the conductor, we have ECt = CHL, or E = HL, Now L is  
the v e lo c ity  w ith which the conductor i s  moving, so^ th a t 
the e lectrom otive force per u n it  leng th  i s  equal to  the , 
in te n s i ty  o f the magnetic f ie ld  m u ltip lied  in to  the v e lo s ity  
of motion, 11
T he(technicians are  a s s is te d  by a long sec tio n  on te leg rap h ic  
apparatus which comprehensively covers the basic  p r in c ip le s  and uses* 
The instrum ents o f measurement a re  described , explained , and c le a r ly  
i l lu s t r a t e d ,  and c a lc u la tio n s  a re  given which are  ap p licab le  to  
p ra c t ic a l  s i tu a t io n s .
The textbook was immediately recognized as sound, and was 
widely used. I t s  continuing  value was a t te s te d  by re sea rch ers  o f 
the next generation  who recommended i t  to  th e ir  own s tu d en ts .
3 .2 .
Maxwell's "T rea tise  on E le c t r ic i ty  and Magnetism"
In d isp u tab ly , one of the very g re a te s t o f the e a r ly  e le c t r i c a l  
educational te x ts  was James C lerk Maxwell's T rea tise  on E le c tr ic i ty  
and Magnetism published in  1873» I t  was w ritten  over a number of 
y ears, p r in c ip a lly  during the in te rv a l between h is  r e t i r i n g  from 
the ch a ir a t  K ing 's C ollege, London, in  1865 and h is  appointment 
as f i r s t  P ro fesso r of Experimental Physics a t  Cambridge. The 
T rea tise  i s  acknowledged by a l l  but a  tin y  c a v il l in g  m inority  to  
be a m agnificent p ioneering  achievement, drawing to g e th er alm ost a l l
the e x is tin g  electrom agnetic  knowledge o f the tim e, in te rp re te d , 
and analyzed, and extended by a prodigious i n t e l l e c t .  But in  
many re sp ec ts  i t  was not a s a t i s fa c to ry  te x t fo r the read e rs . 
Maxwell s e t  i t  before h is  Cambridge studen ts  and they found i t  
dismayingly d i f f i c u l t .  Following generations, no tw ithstanding  
the g re a te r  f a m ilia r i ty  w ith many o f the underlying concepts, 
have found i t  no le s s  d i f f i c u l t .  In  p a r t ,  the reason i s  th a t 
Maxwell p itched  the work a t  such a high sc h o la s tic  le v e l th a t  
sca rce ly  any one o th er than h is  own peers could fe e l  comfortable 
in  follow ing i t ;  in  p a r t i t  was w ritte n  as an exp lo ra to ry
exerc ise  probing the fu r th e s t  reaches of e le c t r i c a l  knowledge.
2C.W. F. E v e r i t t ,  w ritin g  on the T rea tise  has summarized 
the p o s itio n :
"Most read ers  come to  i t  expecting a system atic  exposition  
of the a u th o r 's  ideas which makes fu r th e r  re fe rence  to  
e a r l i e r  w ritin g s  unnecessary. I t  is  a m istake. In  l a t e r  
conversation  he remarked th a t  the  aim of the T rea tise  was 
not to  expound h is  th e o rie s  f in a l ly  to  the world, bu t to  
educate h im self by p resen tin g  a view of a s tag e  he had 
reach ed .3 He gave the T rea tise  a lo o se -k n it s t ru c tu re , 
organized on h is to r ic a l  and experim ental ra th e r  than 
deductive l in e s .  Ideas are  ex h ib ited  a t  d if f e r e n t  phases 
of growth in  d if f e r e n t  p laces: d if f e re n t  sec tio n s  are 
de liv e red  independently , w ith gaps, in co n sis ten ces , and 
even f l a t  c o n trad ic tio n s  in  arguments. I t  i s  a  s tu d io , 
ra th e r  than a fin ish ed  work o f a r t .  The s tu d io , being 
M axwell's, i s  t i d i l y  arranged; and once one has grasped 
what i s  going on i t  i s  wonderfully in s tru c tiv e  to  watch 
the a r t i s t  a t  work; but any one who finds h im self th e re  
unawares i s  co u rting  bewilderment, the more so i f  he 
overlooks Maxwell's advice to  read the four p a r ts  o f the 
T rea tise  in  p a ra l le l  ra th e r  than in  sequence."
While in  the b readest sense the su b jec t of capacitance and 
inductance in fuse  the whole o f the T re a tis e , sev e ra l sec tio n s  
a re  devoted to  s p e c if ic  aspec ts  of each phenomenon. In  the e a r ly  
passages of the f i r s t  o f the two volumes some con sid e ra tio n  is
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given to  cap ac ity  in  a conductor, the nature of condensers, 
sp e c if ic  inductive  cap ac ity , and d is ru p tiv e  d isch arg es , w ithout 
ex tensive comment; b u t, when he tu rn s  to  the mathematical th eo rie s  
o f e l e c t r i c i ty ,  and begins to  apply these to  " e le c t r ic a l  work and 
energy in  a « System of conductors" he o ffe rs  r e a l  d i f f i c u l t i e s .
To follow  him adequately  the  s tu d en t needs a working knowledge o f 
G. G reen's Essay on the A pplication  of Mathematics to  E le c t r ic i ty  
and Magnetism. P o isso n 's  Theory of E le c t r ic i ty , and William 
Thomson's w ritin g  on displacem ent and p o te n tia l of po in ts  in  the 
e le c t r i c  f i e ld .  When he in troduces the p ro p e rtie s  o f the d ie le c t r ic  
he gives s ix  d if f e r e n t  expressions fo r  the energy of the e le c t r i c  
f ie ld ,  a l l  r a th e r  complex. By unexpected c o n tra s t, Maxwell could 
sometimes be remarkably c le a r  even to  those w ithout advanced 
mathematical experience: in  th a t  s e c tio n  t i t l e d  "E le c tr ic  Accumul­
a to rs  and the Measurement o f Capacitance" there  i s  a simple account 
o f the nature  of condensers then c u rre n tly  in  use in  e le c t r i c a l  rer> 
sea rch . He describes the f a i l in g s  o f the common v a r ie t ie s  and the 
measuring instrum ents, and the improved versions o f the instrum ents 
designed by William Thomson.
At Chapter 10 h is  su b jec t i s  "Conduction in  D ie le c tr ic s " , i t  
provides an example of the com plications to  which s tu d en ts  may be 
led  by the su b tle  c u r io s i ty  of an ingenious mathematical mind. 
Because none o f the d ie le c t r ic s  a re  p e rfe c t, some conduction does 
take place under the in fluence  o f an EMF, so he s tu d ie s  the s ta te  
o f a medium in  which induction  and conduction a re  going on a t  the 
same tim e. A fte r working 12 equations he finds i t  necessary  to  
account fo r  a " re s id u a l charge", and proceeds to  consider the s i t ­
u a tio n  where the d ie le c t r ic  "formed of a conglomeration o f sm all
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pieces of d if f e r e n t  simple media” which possess th is  property  -  and, 
in  doing so produces a fu r th e r  31 equations. The phenomenon o f 
•’e le c t r i c  abso rb tio n ” and re s id u a l discharge lead  him on to  consider 
the a c tu a l case of the te leg raph  cab le , each p o rtio n  of which i s  in  
e f fe c t  a condenser, and to  the F ourier equations used to  in v e s tig a te  
the analogous behavio^ o f h e a t. Then, to  re lie v e  the burdened s tu d en t, 
Maxwell rounds o f f  h is  chap ter w ith a non-mathematical mechanical 
model o f the p ro p e rtie s  of the d ie le c t r i c .
Mechanical I l l u s t r a t io n  o f the P ro p e rtie s  of a D ie le c tr ic
frdhi Maxwell’s ’’T rea tise  on E le c tr ic i ty  and Magnetism
The model has f iv e  tubes o f equal sec tio n , four v e r t ic a l  and 
one h o riz o n ta l, having the lower h a lf  f i l l e d  w ith mercury and the 
upper w ith w ater; a sm all tube w ith a stop-coclc connects the lower 
p a r t o f the model, and a p is to n  i s  made to  s l id e  in  the h o rizo n ta l 
tube . By d iscu ssin g  the motion o f the water or mercury, and the 
movement o f the p is to n , Maxwell i s  able to  describe  most o f the 
phenomena of the condenser: the charge and d ischarge being rep ­
resen ted  by the motion of the p is to n , and the e le c t r i c  p o te n tia l  
being rep resen ted  by the f lu id  p ressu re .
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Maxwell gives some of the h i s to r ic a l  background to  the study of 
induction , inc lud ing  a b r ie f  summary of the d isco v e rie s  o f O ersted, 
Faraday, and Ampère. He gives a concise statem ent w ithout mathematics 
of the necessary  conditions fo r induction  between two c i r c u i t s ;  and, 
as an a id  to  remembering the d ire c tio n a l re la tio n s h ip s , he o ffe rs  the 
Ampère "Le Bonhomme“ v is u a liz a tio n ; then, ty p ic a lly , wishing to  delve 
fu r th e r , he suggests a model o f the e a r th  around which i s  a  quadrant 
arch  o f m etal, p ivoted a t  the North Pole , which the  s tu d en t may w ell 
find  confusing. T h erea fte r he exhaustive ly  examines the laws of 
inductive  e le c t r i c  cu rren ts  in  fixed  c i r c u i t s ,  re la te d  to  another 
of h is  s e m i-p ic to r ia l drawings. F in a lly , w ithout mathematics, he 
o u tlin e s  the experiments o f Faraday, Lenz, and Helmholtz, and 
William Thomson in  an adm irable manner.
In  the n in th  chap ter of the second volume o f the T rea tise  
Maxwell gives h is  general equations of the electrom agnetic  f ie ld ,  
now u n iv e rsa lly  known as “Maxwell’s Equations“ and p a rt of the higher 
education o f a l l  studying  P hysics. In  the 11th chap ter h is  su b jec t 
i s  “Energy and S tre ss  in  the Electrom agnetic F ie ld “ where he in t r o ­
duces the p r in c ip le  o f electom otive fo rces which govern a l l  the forms 
of the motor and g en era to r. Once again  the mathematical an a ly s is  
i s  so ex tensive and su b tle  th a t  i t  i s  u n lik e ly  th a t i t  was fu l ly  
apprecia ted  by many of h is  s tu d en ts , o ther than the sp e c ia lly  g if te d .
In  the i k t h  chap ter o f the second book, c o ils  a re  examined fo r 
se lf - in d u c tio n  and m utual-induction , and re la te d  to  mathematical 
equations given by Gauss and Lord R ayleigh. He re tu rn s  to  these 
again  in  the 1 7 th  chap ter of the second volume when he describes 
the im portant experim ental technique w ith the “Maxwell Bridge" fo r 
determ ining the s e lf - in d u c tio n  of a  c o i l ,  and the comparison o f the 
s e l f  induction  o f two c o i l s .
In the section concerned with induction of electric currents,
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I t  was not only Maxwell's s tu d en t readers  who had d i f f ic u l ty  
in  follow ing h is  reason ing , and accep ting  h is  th e o rie s ; some of 
the lead ing  p h y s ic is ts  o f the time could not understand, or a t  
l e a s t  accep t, po rtions of h is  T re a tis e , inc lud ing  H einrich H ertz, 
who f e l t  thait there  was a major inconsistency  in  the expressed 
views on the nature  o f charge and e le c t r i c  c u rre n t, and Maxwell's 
displacem ent theory; s im ila r ly , William Thomson (liord Kelvin) fo r  
many years was unable to  accept Maxwell's theory o f the nature  of 
electrom agnetic  waves. Maxwell, recognizing  th a t p a r t  of the 
troub le  was th a t changes o f mind in  the course of w ritin g  had 
introduced unnoticed : in c o n sis te n c ie s  and co n trad ic tio n s  which 
might lead  to  m isunderstandings, and o p p o rtu n itie s  to  those who 
sought to  fin d  f a u l t .  From h is  day to  ours, there  have been w rite rs  
who d e lig h ted  in  exposing minor mathematical or l i t e r a r y  s l ip s ,  and 
thereby found opportun ity  to  o f fe r  scorn towards Maxwell's i n t e l l ­
e c tu a l m asterp ice .^
3.3
Maxwell's "Elementary T rea tise  on E le c t r ic i ty "
Maxwell doon discovered th a t  h is  T rea tise  was wellbeyond the 
powers of the m ajo rity  of h is  s tu d en ts , and he made a considerable 
attem pt to  s im p lify  many o f the sec tio n s  in  a body of le c tu re  notes 
whidh he used during c la s s e s , and he had i t  in  mind to  pub lish  
these as a sep ara te  book fo r  those who were not "professed mathemat­
ic ia n s " , or in s u f f ic ie n t ly  prepared to  work d ir e c t ly  from the T re a tis e .
U nfortunately , h is  numerous commitments towards the end of h is  l i f e ,
5
and h is  i l l - h e a l th ,  prevented th a t p ro je c t from being re a liz e d .
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A fter h is  death , William G arnett decided th a t he would 
assemble the no tbs, and he published them under the t i t l e  
Elementary T rea tise  on E le c t r ic i ty  in  l 88l .  G arnett considered 
the m anuscript to  be s u f f ic ie n t ly  advanced up to  Chapter 8 , and 
th e re a f te r  he provided a fu r th e r  fiv e  chapters drawn from Maxwell's 
no tes a sso c ia ted  w ith the te x t where p o ssib le , but p r in c ip a lly  by 
tak ing  p o rtio n s  from the major T re a tis e , There were many a t  the 
time -  and l a t e r  -  who f e l t  th a t  Maxwell had been done no g rea t 
se rv ice  by the p u b lic a tio n . Had he liv e d  the book would c e r ta in ly  
have had the b e n e f it  o f h is  own re v is io n  in  the e a r l i e r  p a r ts ,  
and there  would have been a g rea t d eal o f s im p lif ic a tio n  o f those 
sec tio n s  taken from the sch o la rly  T re a tis e ,
A fragment of the Preface which Maxwell was p reparing  has 
surv ived , and th a t exp lains h is  in te n tio n s  fo r the elem entary 
book. He w rite s :
"The aim of the follow ing t r e a t i s e  i s  d if f e r e n t  from th a t  
of my la rg e r  T rea tise  on E le c t r ic i ty  and Mafenetism. In  the 
la rg e r  T rea tise  the reader i s  supposed to  be fa m ilia r  w ith 
h igher mathematical methods which are  not used in  th is  book, 
and h is  s tu d ie s  a re  so d ire c ted  as to  give him the power of 
dealing  m athem atically w ith the various phenomena o f the 
sc ien ce . In  th is  sm aller book I  have endeavored to  p re sen t, 
in  as compact a form as I  can, those phenomena which appear 
to  throw l ig h t  on the theory  of e l e c t r i c i ty ,  and to  use them, 
each in  i t s  p lace , fo r  the development o f e le c t r i c a l  ideas 
in  the mind o f the re a d e r.
In  the la rg e r  T rea tise  I  sometimes made use o f methods which 
I  do not th in k  b e st in  them selves, but w ithout which s tu d en ts  
can not follow  the in v e s tig a tio n s  of founders o f mathematical 
theory  of e l e c t r i c i t y .  I  have since  become more convinced of 
the s u p e r io r i ty  of the methods akin  to  those o f Faraday, and 
have th e re fo re  adopted them from the f i r s t . "
In  the f i r s t  two chap ters o f the Elementary T rea tise  Maxwell 
i s  p r in c ip a lly  concerned w ith e le c t r o s ta t ic s ,  and much of the te x t
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is  given in  the form of experiments -  some are  c la s s ic a l  experiments 
of Faraday and o ther p ioneers -  which we may believe  were conducted 
by h is  s tu d en ts  in  the lab o ra to ry  under h is  supervision* The re s u l ts  
a re  summarized and d i f f i c u l t i e s  and s ig n if ic a n t  f a c ts  drawn from 
observation are recorded . His th ird  chap ter, on " E le c tr ic a l  Work 
and Energy" in troduces p ro g ressiv e ly  more a lg eb ra ic  expressions, 
but even the non-mathematical s tu d en t can follow  the g re a te r  p a rt 
of h is  argument because he gi-ves.verbal d esc rip tio n s  o f the p r in c ip a l 
equations. To a s s i s t  w ith the understanding of the concept o f 
" E le c tr ic a l  Work" he in troduces the " In d ica to r Diagram" which was 
f i r s t  used by James Watt fo r  measuring the work done by a steam 
engine.
Chapter Five i s  a commentary on Faraday 's ideas on induction
tra n s la te d  in to  m athematical expressions; however, to  c la r i f y  the
p o s itio n  fo r h is  non-mathematical read ers , Maxwell comments on the
re la t io n s  of the e le c t r i c a l  phenomena by means of physical an a lo g ies .
He in troduces the analogy between e le c t ro s ta t ic  phenomena and those
of the uniform conductor of heat in  so lid  bodies, which was f i r s t
6
pointed out by William Thomson in  l 8*f2 .
In  Chapter S ix , Maxwell gives a commentary on electrom otive 
force and continues w ith an an a ly s is  of the nature o f P o te n tia l ,  
working w ith numerous a lg eb ra ic  equations, then he summarises:
"The num erical value of the p o te n tia l a t  a given po in t due 
to  a u n it  o f e l e c t r i c i t y  a t  a given d istance  i s  the re c ip ro c a l 
o f the number expressing  th a t  d is tan ce . I f  a charge i s  e, 
then p o te n tia l  i s  a t  a d is tan ce  Z, e /Z . "
Maxwell deals w ith the mathematical p ro p e rtie s  o f Leyden J a rs : 
he deduces expressions from Coulomb and o ther e a r ly  re se a rc h e r’s
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r e s u l t s  i then describes the ap p lic a tio n  of William Thomson’s 
measurements with h is  "A ttracted  Disk E lectrom eter". He w rites 
o f the d i f f i c u l t i e s  of studying e q u ip o ten tia l su rfaces and 
ex p la in s:. "I have drawn sev e ra l diagrams of eq u ip o ten tia l 
su rfaces and l in e s  of fo rce , so th a t the studen t may make h im self 
fa m ilia r  w ith the forms of these l in e s  . . .  I  am anxious th a t 
these diagrams may be s tud ied  as i l lu s t r a t io n s  o f the language 
of Faraday in  speaking of " lin e s  of fo rce" , "the fo rces o f e l e c t r i f ­
ied  bodies", e tc .  There i s  no co n trad ic tio n  between Faraday 's 
views and the mathematical r e s u l t  o f the old th e o r ie s , but on the 
con tra ry , the idea of l in e s  of fo rce  throws g rea t l ig h t  on these 
r e s u l t s ,  and seems to  a ffo rd  the means o f r is in g  by a continuous 
process from the somewhat r ig id  conception of the o ld th eo rie s  to  
notions which may be capable of g re a te r  expansion, so as to  provide: 
fo r room fo r the increase  of our knowledge by fu tu re  re sea rch es ."
In  a very sh o rt s e c tio n  e n t i t le d  "On E le c tro s ta tic  C apacity", 
some of Maxwell's notes a re  o ffered  re la t in g  to  e a r ly  forms of 
condensers, and he gives the a lg eb ra ic  expressions fo r  the charges 
on the p la te s  in  the sim p lest c ases . Then he compares the charges 
on the inner and o u te r coatings o f the Leyden J a r ,  which has one 
s ide  connected w ith e a r th . F in a lly , he gives William Thomson's 
method of v e rify in g  the ex istence  o f a determ inate r e la t io n  between 
the capac ity  of four condensers (th e  Wheatstone Bridge method), 
commenting on the mathematical re la tio n s h ip s .
M axwell's Elementary T rea tise  on E le c t r ic i ty  was undoubtedly 
u se fu l to  those s tu d en ts  who were unable to  cope w ith the com plexit­
ie s  of the la rg e r  T re a tis e , and provided them with tech n ica l inform at­
ion which prev iously  v/as only a v a ilab le  by delving deeply in to  engin-
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eering  re fe rence  books l ik e  Spons D ictionary  of Engineering.
9k
Maxwell's drawing of Lines of Force 
and E q u ip o ten tia l Surfaces
from Elementary T rea tise  on E le c tr ic i ty
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S .P . Thompson's "Elementary Lessons in  E le c t r ic i ty  and Magnetism™
Maxwell's work had a s tim u la tin g  e f fe c t  upon academic au th o rs , 
focusing th e i r  a tte n tio n  on some o f the requirm ents to  a s s i s t  the 
growing number of engineering  stu d en ts  a tten d in g  co lleges o f h igher 
education , and freshmen reading  u n iv e rs ity  science courses. One 
such author who was deeply indebted to  Maxwell's example was 
S ilvanus P. Thompson, who in  l 88l  produced the f i r s t  o f h is  numerous 
acclaimed e le c t r i c a l  engineering  textbooks under the t i t l e  of 
Elementary Lessons in  E le c t r ic i ty  and Magnetism.
The 1880 's  was a time of rap id  expansion in  the f ie ld  of 
e le c t r i c a l  engineering: n a tio n a l and in te rn a tio n a l te legraphy
was th r iv in g  w ith in te n s iv e  development by commercial and government 
agencies; the newly developed telephones were being e n th u s ia s t ic a l ly  
adopted; g en era to rs, e sp e c ia lly  those adapted fo r the supply o f 
e le c t r i c  l ig h tin g , both arc  and incandescent, were being manufactured 
in  la rg e  numbers. In  in d u s try  a l l  kinds of e le c t r i c a l  research  was 
p rogressing  apace to  e x p lo it the new technology. The prospects fo r 
advancement in  th is  new in d u s try  n a tu ra lly  a t t r a c te d  a la rg e  number 
o f young people in te re s te d  in  gaining some e le c t r i c a l  educational 
background, which they obtained p r in c ip a lly  in  evening c la s se s .
What they needed most of a l l  was a su ita b le  textbook adapted to  
th e i r  educational le v e l .  This was admirably supplied  by Silvanus 
P. Thompson.
Having d is tin g u ish ed  h im self as a very young man in  the ex te rn a l 
examinations of London U n iversity  in  Physics and Chemistry, Silvanus 
P. Thompson was appointed as the f i r s t  le c tu re r  in  Physics a t  the 
U n iversity  C ollege, B r is to l .  He was a dedicated teach e r, and an
3 . ^
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e n th u s ia s tic  le c tu re r  who had the g i f t  o f p u ttin g  over ideas c le a r ly  
and simply to  those beginning the study o f e l e c t r i c i t y .  On the b asis  
o f h is  experience during the f i r s t  years of h is  teach ing , when the 
hunger fo r  basic  e le c t r i c a l  knowledge was gathering , he prepared a 
scheme fo r a u n iv e rs ity  le v e l textbook but the p u b lish e rs , MacMillan, 
would not have h is  book on the grounds th a t  h is  re p u ta tio n  as a 
u n iv e rs ity  teach er was not ye t e s ta b lish e d . However, they accepted 
h is  a l te rn a t iv e  suggestion , a school textbook on e l e c t r i c i t y  and 
magnetism. This was published in  l8 8 l ,  as Elementary Lessons in  
E le c t r ic i ty  and Magnetism.-- I t  was in s ta n tly  recognized fo r i t s  
high worth; was re p rin te d  twice alm ost immediately, and 16 times in  
the succeeding 12 y ears , and th e re a f te r  continued to  be in te n s iv e ly  
read long a f t e r  the l a s t  e d it io n , a t  the time of the f i r s t  World War.
As the preface c le a r ly  in d ic a te s , S ilvanus P. Thpmpson had o thers 
in  mind beyond the schoo lch ild ren : h is  book i s  fo r  the e le c t r i c a l
tech n ic ian , the in te re s te d  am ateur, and those who wished to  progress 
to  more advanced e le c t r i c a l  s tu d ie s .  He w rite s :
"A s c ie n t i f i c  knowledge o f various kinds of e le c t r i c a l  apparatus 
the reader w il l  req u ire  to  opera te , o r with which h is  business i s  
connected, i s  of the h ig h est im portance. There i s  a lso  a c la ss  o f 
l ib e r a l ly  educated persons who d e s ire  to  extend th e i r  knowledge of 
e le c t r i c a l  p r in c ip le s , bu t have no t the time or pa tience  to  follow  
the in t r ic a c ie s  of m athem atical form ulae, e sp e c ia lly  in  the abbrev­
ia te d  form usual in  the books re fe r re d  to . A th ird  c la ss  of s tuden t 
i s  those who in tend  to  become e le c t r i c a l  eng ineers, to  whom a thorough 
knowledge o f elem entary physica l e le c t r i c a l  p r in c ip le s  i s  im portant 
as a p rep ara tio n  fo r more in te n s iv e  mathematical c o u rse s .”
The te x t  i s  ecceptionally  c le a r , uses only the sim p lest of 
m athematics, and i s  p ra c t ic a l ly  o rie n ta te d . The p r in c ip a l areas 
tre a te d  are  the e s s e n tia l  fa c ts  in  the h is to ry  o f e le c t r i c a l  
resea rch ; induction  and the generation  of cu rren t; condensers 
and measurement of cap ac ity ; the u n its  employed in  e le c t r i c a l  
measurement; the motor; the generato r and i t s  in d u s tr ia l  uses 
(p a r t ic u la r ly  the p rov ision  of e le c t r i c  l ig h t in g ) ;  e le c t r i c  
welding; e le c t r i c  te leg raphy ; the telephone and the submarine 
cab le . The work i s  i l lu s t r a t e d  w ith 120 drawings and explan- 
a ta ry  diagrams of instrum ents , experim ents, in d u s tr ia l  apparatus, 
and equipment re la te d  to  g en era to rs, motors, te leg raphy  and 
te lephones.
Thompson’s book i s  p a r t ic u la r ly  easy to  follow  and under­
stand  in  those sec tio n s  dealing  w ith capacitance and inductance. 
Before considering  p ra c t ic a l  c ap a c ito rs , he in troduces the basic  
laws of e le c t r o s ta t ic s ,  and shows how e le c t r ic a l  q u a n tit ie s  a re  
measured in  fundamental u n its  (cen tim etre , gramme, second), the 
u n it  o f fo rce , the dyne; and the meaning of p o te n tia l ,  and how 
the e a r th  may be regarded as being a t  zero p o te n t ia l .  He gives 
Faraday 's experiments w ith the charging of spheres, and o ffe rs  
a simple d e f in i t io n  o f capac ity : "The e le c t r o s ta t ic  capacity
of a condenser i s  measured by the q u an tity  of e l e c t r i c i t y  which 
must be im parted to  i t  in  order to  ra is e  i t s  p o te n tia l from zero 
to  .unity1',  and he exp lains how the physical s iz e  o f the sphere can 
in fluence  i t s  e le c t r i c a l  cap ac ity . He d iscusses the methods o f 
in d ic a tin g  the  presence and measuring the charges on the condenser, 
and b r ie f ly  o ffe rs  the theory  o f the Leyden J a r  and t e l l s  of 
experiments o f Cavendish (which Maxwell h.ad re c e n tly  pub lished).
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Thompson s tre sse d  the need fo r a p ra c t ic a l  understanding o f the 
nature o f capacitance , in s tan c in g  the case of the submarine cables 
which possess s ig n if ic a n t  capacitance which may re ta rd  the s ig n a l .
He o ffe rs  formulae fo r c a lc u la tin g  capacitance of condensers and 
exp lains why the energy o f the discharge i s  equal to  ^QV „
In  the m atter of se lf- in d u c tan c e , an area  : frau g h t w ith d i f f i c ­
u l t i e s  fo r the beginner, Thompson gives a simple exp lanation:
"Suppose a c o il  to  possess 'S ’ s p i r a ls ,  and th a t  i t  generates 
a magnetic flu x  through those s p ira ls  o f fN' l in e s ,  when the 
cu rren t i s  turned on, then tu rn ing  the cu rren t on w ill have 
the same e f fe c t  as i f  a magnet o f 'N' l in e s  were suddenly 
plunged in to  the c o i l ;  and tu rn in g  thg cu rren t o f f  w ill  have 
the same e f fe c t  as i f  the magnet were suddently  withdrawn.
The cu rren t induced by plunging the magnet in to  the c o il  i s  
an inverse  cu rren t tending to  push i t  ou t; while th a t  induced 
by withdrawing the magnet i s  a d ire c t  cu rren t tending to  
a t t r a c t  i t  back. I t  follow s th a t  the se lf-in d u ced  e le c tro ­
motive force on tu rn in g  the cu rren t on w ill  tend to  oppose 
the c u rre n t, and prevent i t  growing as quick ly  as i t  would 
otherw ise, while th a t  induced on stopping the cu rren t w ill  
tend to  help  the cu rren t to  continue flow ing .”
He shows th a t  the energy of the magnetic f ie ld  surrounding
2the cu rren t i s  equal to  -^LC
(L = the to ta l  amount o f c u ttin g  l in e s  by the c i r c u i t  
when a cu rren t o f one ampere is  suddently  turned on or o f f .)
aHe t e l l s  o f Von Helmholtz in v e s tig a tin g  m athm atically the e f fe c t  
of se lf - in d u c tio n  upon the s tre n g th  of c u rren t, and th a t  he had 
deduced im portant equations to  ^express the r e la t io n  between the 
inductance o f a c i r c u i t  and the time requ ired  to  e s ta b lis h  cu rren t 
a t  f u l l  s tre n g th , and h is  conclusion th a t se lf-in d u ced  electrom otive 
force w ill  depend upon the ra te  a t  which the cu rren t i s  changing.
He explains th a t  the tim e-constan t i s  the time requ ired  by the 
cu rren t to  r i s e  to  a c e r ta in  f r a c tio n , 0 . 63^ o f i t s  f in a l  va lue.
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Thompson i s  equally  c le a r  and d ire c t  in  h is  treatm ent of 
mutual inductance, a su b jec t on which there  was l i t t l e  th e o re tic a l  
or mathematical guidance to  the s tu d en ts  a t  the tim e. He shows by 
example th a t the magnetic flu x  due to  the cu rren t 'C * in  a primary 
c o il  o f 10 u n its  w ill  be:
N (number o f l in e s  o f force) = k 'Tl&S-j/lOZ
Z =5 re lu c tan ce  o f the  magnetic c i r c u i t
S = the s p ir a l
The to ta l  amount of c u ttin g  magnetic l in e s  by the c o il  S^, 
when the c u rren t i s  turned on o r o f f ,  w ill  be:
S2 N = ¿t^fC S^/lO Z
H^oncB the induction  in  the secondary c i r c u i t  due to  the tu rn in g  
on or o f f  of 10 amps w ill  be an<* i f  cu rren t in  the
primary i s  varied  a t  the r a te  of dC /dt, the e lectrom otive force E2 
thereby induced in  the secondary w ill  be E = -M.dC/dt, where E 
w ill  be in  v o lts ,  i f  M i s  expressed in  Henrys, G in  amps, and t  
in  seconds.
Silvanus P. Thompson, who was sp e c ia lly  drawn to  a study of 
generators through h is  enthusiasm fo r th e ir  ap p lic a tio n s  in  
providing illu m in a tio n , w rites  p a r t ic u la r ly  w ell on th e i r  nature 
and u se . Having described  the dynamo as a machine fo r  converting 
mechanical power in to  e le c t r i c a l  power by the opera tion  o f produc­
ing re la t iv e  motion between magnet and conductor, he o ffe rs  a 
compact h is to r ic a l  account from F araday 's f i r s t  p rim itiv e  magneto- 
e le c t r i c  machine, to  the m id-century improved arm atures designed 
by Werner, Siemens; the s u b s t i tu t io n  o f the electrom agnet fo r the
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s te e l  field-m agnets introduced by Wild; and on to  the ap p lic a tio n  
o f the h igh ly  e ffe c tiv e  method of using  the cu rren t generated in
g
the armature to  e x c ite  the f ie ld  magnets*
Thompson i s  exceedingly h e lp fu l to  the s tu d en t when t r e a t in g  
‘’a l te rn a te  c u rre n ts” -  then a l i t t l e  d iscussed su b jec t because most 
e le c t r i c a l  equipment was DC operated . He simply and c le a r ly  exp lains:
“A lte rn a tin g  cu rren ts  do not always keep s te p  w ith the 
a l te rn a t in g  vo ltages impressed upon the c i r d u i t .  I f  
th e re  i s  inductance in  the c i r c u i t ,  the cu rren ts  w ill 
la g ; i f  th e re  i s  capac ity  in  the c i r c u i t ,  the cu rren ts  
w ill  lead  in  phase .”
For p rospective  engineers he impresses a fundamental m atter:
"Inductance has th is  e f fe c t  of importance: i t  produces a
re a c tio n  on the electrom otive force -choking the cu rren t 
down. While the c u rren t i s  inc reasin g  in  s tre n g th  the 
re a c tiv e  e f fe c t  o f inductance continues to  prevent i t  
r i s in g ."
He includes gooddiagrams and i l lu s t r a t io n s  to  exp lain  the 
the functions of the dynamo; he a lso  t r e a ts  concise ly  and c le a r ly  
the nature and uses of a l te rn a t in g  cu rren t motors, and gives a 
sound account of the b asic  p r in c ip le s  o f the transform er and i t s  
a p p lica tio n s  to  d is t r ib u t in g  cu rren t to  d is ta n t  lo c a tio n s  fo r  the 
purpose o f e le c t r i c  l ig h t in g .
In  the follow ing sec tio n s  o f h is  textbook, Thompson gives 
numerous examples of the uses o f capacitance and inductance in  
contemporary equipment such as the te leg raph  and telephone, and 
c i r c u i ts  designed to  produce o s c i l la t in g  cu rren ts  and electom ag- 
n e tic  waves. He makes re fe rence  to  James C lerk M axwell's new and 
advanced th e o r ie s , and the researches of Hertz .
Silvanus P. Thompson's textbook has a .very im portant place
in  e le c t r i c a l  education h is to ry . I t  was the f i r s t  choice of
many teachers  in  day schools and evening in s t i tu t e s ,  and fo r
two generations was the su b jec t o f warm commendation from many
d is tin g u ish ed  e le c t r i c a l  re sea rc h e rs , including  Ambrose
g
Fleming, S ir  O liver Lodge, and S ir  E rnest R utherford .
3 . 5
J .A . Fleming*s "Short Lectures to  E le c tr ic a l  A rtisans"
Under the circum stances where a basic  e le c t r i c a l  knowledge 
was a requirem ent fo r a growing number of s tu d en ts , both authors 
and pub lishers  were encouraged to  produce in tro d u cto ry  textbooks. 
Very many were produced in  the e a r ly  and middle years o f l8 8 0 's , 
though few have any sp e c ia l d is t in c t io n  in  p re sen ta tio n , arrange­
ment, o r i l l u s t r a t i o n  -  the m ajo rity  simply rep ea tin g  or rea rran g ­
ing what o thers had w r it te n . However a number o f d is tin g u ish ed  
e le c tr ic ia n s ,  who had a lread y  e s ta b lish e d  a rep u ta tio n  by research  
or educational w ritin g , app lied  th e i r  s k i l l s  to  a s s is t in g  the 
young vocational en g in eers . Among them was J .  Ambrose Fleming, 
who in  1886 published Short Lectures to  E le c tr ic a l  A rtisa n s : 
being a course of experim ental le c tu re s  de livered  to  a p ra c tic a l  
audience. This was the rev ised  te x t  of a s e r ie s  o f ta lk s  given 
before the pup ils  and workmen a t  the Comton Works, Chelmsford.
The le c tu re s , which range w idely over the su b jec ts  o f magnet­
ism and electrom agnetism  and th e i r  in d u s tr ia l  a p p lic a tio n s , are 
given w ith a minimum of mathematics, bu t with the app rop ria te  
theory  described in  words and re fe rre d  to  equipment and instrum ents 
which the young tech n ic ian s  would be fam ilia r w ith . The book i s  
provided w ith good diagrams and numerous a ids to  memory. While 
th e re  i s  no doubt th a t  Fleming has new ideas to  o ffe r  in  the d is ­
cussion o f basic  theory  and can provide an in te re s t in g  te x t  fo r 
h is  read ers , i t  i s  c le a r  th a t  he has borrowed considerably  from 
Silvanus P. Thompson's Elementary Lessons in  E le c t r ic i ty  and 
Magnetism of fiv e  years b e fo re .
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Flem ing's chap ter on magnetism i s  p a r t ic u la r ly  h e lp fu l. He 
o u tlin e s  the nature  o f l in e s  of magnetic fo rce ; the measurement of 
magnetic f ie ld s ;  perm eab ility  and s u s c e p t ib i l i ty  and s a tu ra tio n .
His diagrams d isp lay  curves which exp lain  the re la tio n s h ip  of magr* 
n e tic  perme&bility to  magnetic induction  in  e .g . s .  u n its  in  the case 
of s o f t  iro n ; and thereby considerab ly  a s s i s t  h is  simple ex p o sitio n . 
One notable diagram and i t s  ¿accompanying commentary i s  th a t  known 
as "Flem ing's Right-hand Rule", which has since  e s tab lish ed  i t s e l f  
as a c la s s ic  a id  to  memory used by generations o f engineers in  
t r a in in g ,to  r e e a l l  the d ire c tio n  of the cu rren t induced in  a 
conductor when moved so as to  cu t the l in e s  o f force and a l t e r  the 
amount o f magnetic induction  passing  through a c i r c u i t .
Diagram of J .A . Flem ing's "Right-hand R u le",illustr*ed  
in  "Short Lectures to  E le c tr ic a l  A rtisans"
CfC1»
Hi
direction oP line of Motion.
thuMb
Bight Handl
7.
Three axes at right angles, indicating respectively direction of line of 
Magnetic Force, Y, line of Motion of Conductor, X, and direction of 
current induced, Z.
Fleming a lso  in troduces h is  "Left-hand Rule" fo r  motors.
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I t  i s  a  te x t in  which Fleming, who was not p a r t ic u la r ly  
known fo r h is  s im p lic ity  o f expression ,has been a t  pains to  adapt 
h is  language to  a  sp ec ia liz ed  young audience. One instance  o f th is  
i s  h is  f a i r ly  extended account o f the in te ra c tio n  o f the c o ils  of 
a transfo rm er. He a lso  o ffe rs  c le a r  analog ies in  the m atter of 
s e lf - in d u c tio n  which were l ik e ly  to  be remembered by h is  vocational 
audience and read ers :
"We may put the m atter another way. The cu rren t moving in  a 
wire behaves ju s t  l ik e  a heavy fly-w heel being s e t  in  motion. 
You can not s t a r t  a  heavy wheel f u l l  speed, or a t  once, 
because o f i t s  in e r t i a ,  and you can not s top  one running 
su d d en ly .* The s im ila r  behavior of cu rren t has won fo r th is  
p roperty  the name of e le c t r i c a l  in e r t ia ,  which term i s  some­
times used in s tead  of s e lf - in d u c tio n  . . .  a magnetic f ie ld  
can not be brought in to  being, so to  speak, immediately. The 
c irc u la r  l in e s  of magnetic force round a s t r a ig h t  cu rren t do 
not sp rin g  in to  ex istence  suddenly when the cu rren t begins, 
but expand outward, g rad u a lly , l ik e  the widening r ip p le s  
when a stone i s  dropped onto s t i l l  w ater, and when the cu rren t 
ceases, these lim es co llapse  gradually  again onto the wire 
and do not d isappear in s tan taneously  in  the place where they 
a re . The curious th in g  i s  th a t  the co llap sin g  back of the 
l in e s  of magnetic force onto the wire may, fo r a moment, give 
r i s e  to  an e le c t r i c a l  "push" or electrom otive force g re a te r  
than the s teady  force which maintained the c u rre n t, and th is  
sudden d riv in g  force of e l e c t r i c i ty  in  the wire a t  th a t  in s ta n t  
when the c i r c u i t  i s  broken, causes the b r ig h t spark  seen 
whenever a s tro n g  cu rren t i s  in te rru p te d ."
Fleming explains to  h is  young techn ic ians th a t  the a c tio n  of 
s e lf - in d u c tio n  h inders the sudden r i s e  and f a l l  o f cu rren t s tren g th  
in  a w ire, hence in  c i r c u i ts  w ith la rg e  se lf-in d u c tan ce  i t  i s  not 
p o ssib le  to  make very sudden changes in  the s tre n g th  o f cu rren t 
flowing in  i t ,  and i t  i s  th is  which h inders telephonic  transm ission  
of speech in  long c o ils  of w ire .
In  the sec tio n  where he deals w ith electrom agnetism , Fleming 
d iscusses the method of u t i l i z in g  electrom agnets e f f ic ie n t ly ,  and
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the d if fe re n t  types of electrom agnets used in  dynamos of d if f e r e n t  
k in d s . Here h is  i l lu s t r a t io n s  are  p a r t ic u la r ly  good and include 
c ro ss-se c tio n s  of various magnets used in  dynamos. Some of h is  
drawings a re  a  mixture o f p ic to r ia l  rep re sen ta tio n s  and c i r c u i t  
diagram; th a t  i s ,  he uses some symbols fo r  components such as 
r e s is to r s ,  and in d u c to rs , merged w ith drawings o f mechanical 
elem ents•
His treatm ent o f induction  c o ils  includes th e i r  uses as 
instrum ents designed to  c rea te  la rg e  sparks from the term inals of 
secondary c o i ls ,  which was a m atter of p a r t ic u la r  in te r e s t  a t  the 
time in  the la b o ra to r ie s  and workshops of the in d u s try . He a lso  
deals w ith  inductors used as transform ers fo r the a l te r a t io n  of 
voltages fo r various in d u s tr ia l  purposes. He emphasises the grow­
ing importance of th is  once neglected  area of e le c t r i c a l  engineering:
"Induction  c o ils  form erly found th e i r  ap p lic a tio n  only in  
s c ie n t i f i c  re sea rch  and experim ents, but they have re c e n tly , 
w ith m od ifica tions, become im portant p ra c tic a l  appliances in  
e le c t r i c  l ig h t in g .  By th e i r  use we can convert our la rg e  
cu rren t o f low e lectrom otive force in to  sm all cu rren ts  o f high 
electrom otive fo rce , and so convey the e l e c t r i c i t y  a t  a low est 
cost of conductor."
He explains th a t  the co st o f copper used fo r la rg e  cu rren ts  i s  
expensive.
In  h is  sec tio n s  dealing  w ith the instrum ents which vocational 
workers can use to  measure e le c t r i c a l  q u a n tit ie s , he avoids a l l  
com plications which could a r is e  from an academic d iscu ssio n  of u n its ,  
and explains very  simply what the s c ie n t i s t s  understand by vo ltage , 
c u rren t, re s is ta n c e , work, and Jo u le , and how these are  re la te d  to 
e le c t r i c  motors which the s tu d en ts  u se . S im ila rly , he o ffe rs  a very 
p la in  exp lanation  of the p r in c ip le s  of the e le c t r i c  motor, tak ing  
care to  re fe r  h is  commentary to  such machines as the techn ic ians 
w ill  be fa m ilia r  w ith , and supporting  h is  te x t  with se c tio n a l drawings.
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The v a lu e  o f  t h i s  t e x t  to  th e  p a r t i c u l a r  a u d ie n c e  t o  w hich  
i t  was d i r e c t e d  was ack n o w led g ed  b y  i t s  c o n t in u e d  s a l e  and  by  
th e  sec o n d  e d i t i o n  p u b l is h e d  i n  I 89B.
3 .6
J a m ie s o n 's  " E le m e n ta ry  M anual o f  E l e c t r i c i t y  and  M agnetism "
A n o th e r p ro m in e n t e d u c a t i o n a l i s t  who w ro te  f o r  th o s e  m aking 
t h e i r  f i r s t  a c q u a in ta n c e  w i th  e l e c t r i c a l  p r i n c i p l e s  was P r o f e s s o r  
Andrew J a m ie s o n , o f  th e  G lasgow  an d  W est o f  S c o t la n d  T e c h n ic a l  
C o l le g e ,  an  i n f l u e n t i a l  t e a c h e r ,  a  p r o l i f i c  w r i t e r  on  t e c h n i c a l  
s u b j e c t s ,  an d  e n e r g e t i c  e d i t o r  o f  a  l a r g e  num ber o f  e l e c t r i c a l  
e d u c a t io n a l  p u b l i c a t i o n s *  H is  E le m e n ta ry  M anual o f  E l e c t r i c i t y  
an d  M ag n e tism , f i r s t  p u b l i s h e d  i n  l8 8 9 ,w a s  s p e c i a l l y  a r r a n g e d
t
f o r  u se  by  s t u d e n t s  p r e p a r in g  f o y th e  governm ent S c ie n c e  and  A rt 
D e p a r tm e n ts  e x a m in a t io n s * ^
T h is  t e x t ,  w h ich  was b a s e d  on  y e a r s  o f  p r a c t i c a l  e x p e r ie n c e  
w ith  v o c a t io n a l  s t u d e n t s ,  was a  s im p le  e x p o s i t i o n  o f  th e  e s s e n t i a l  
f e a t u r e s  o f  e le c t ro m a g n e t is m , a s s i s t e d  by  num erous l i n e  d ra w in g s , 
a  l a r g e  num ber o f  p r a c t i c a l  e x p e r im e n ts ,  and  v a r io u s  a i d s  to  
memory i n  th e  form  o f  in g e n io u s  d iag ram s*  P r o f e s s o r  Jam ie so n  
d e v is e d  hand  and f i n g e r  r u l e s  co m p arab le  to  F le m in g 's ,  w hich  w ere 
o f  a s s i s t a n c e  to  th e  b e g in n e r ,  an d  h i s  e le m e n ta ry  te x tb o o k  g iv e s  
d ra w in g s  t o  d e m o n s tra te  th e  a p p l i c a t i o n s  o f  th e s e  r u l e s *  The 
m ost f r e q u e n t l y  em ployed was h i s  " R ig h t-h a n d  R u le"  f o r  t e s t i n g  
th e  d i r e c t i o n  o f  th e  m a g n e tic  f o r c e  due to  a  known d i r e c t i o n  o f  
c u r r e n t ,  o r  f o r  th e  d i r e c t i o n  o f  c u r r e n t  when th e  d i r e c t i o n  o f  
m a g n e tic  f o r c e  was known; an d  h i s  e x te n s io n  o f  th e  "R ight-hand 
R u le "  to  s o l e n o i d s ,  w hereby  g iv e n  th e  d i r e c t i o n  o f  th e  c u r r e n t
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i n  th e  so l& n o id , i t  i s  p o s s i b le  t o  f i n d  th e  N o rth  o r  S o u th  p o le s  
o f  th e  s o le n o id  -  o r  v ic e  v e r s a ,
3 -7
A P r a c t i c a l  E le m e n ta ry  M anual o f  M agnetism  an d  E l e c t r i c i t y
P r o f e s s o r  J a m ie s o n 's  te x tb o o k  was w id e ly  u se d  an d  f r e q u e n t l y  
r e p r i n t e d  an d  r e v i s e d ,  b u t  h i s  g r e a t e s t  s u c c e s s  came w ith  th e  more 
ad v an ced  p r a c t i c a l  t e x tb o o k  p u b l i s h e d  a t  th e  same t im e ,  u n d e r  th e  
t i t l e  o f  A P r a c t i c a l  E le m e n ta ry  M anual o f  M agnetism  and  E l e c t r i c i t y ,  
in te n d e d  f o r  th e  young e n g in e e r in g  s t u d e n t s .  I t  c o n ta in s  b a s i c a l l y  
th e  same m a t e r i a l  on a  r a t h e r  h ig h e r  s t a n d a r d ,  an d  l a i d  o u t  i n  th e  
form  o f  a  p r o g r e s s i v e l y  i n t e n s i f y i n g  l e c t u r e  c o u r s e .  He exam ines 
a l l  th e  fu n d a m e n ta l p r i n c i p l e s  w h ich  th e  young e n g in e e r  o f  th e  tim e  
was r e q u i r e d  to  be a c q u a in te d  w i th ,  an d  o f f e r s  num erous d ra w in g s  
an d  d iag ra m s o f  h i s  own d e v i s in g ,  su p p lem en ted  by  c a r e f u l l y  ch o se n  
sp ec im e n  q u e s t io n s  and  a n s w e rs .  By r e c o n s t r u c t i n g  th e  c l a s s i c a l  
e x p e r im e n ts  o f  Ampere and  F a ra d a y  and  Ohm and L en z , an d  some o f  
th o s e  o f  W illia m  Thomson i n  c o n n e c t io n  w ith  th e  m easu rem en t o f  
in d u c ta n c e ,  an d  r e l a t i n g  th e s e  t o  th e  c u r r e n t  dynamos an d  g e n e r a t ­
o r s  and t h e i r  u s e s ,  h e  p ro v id e d  h i s  s tu d e n t s  w i th  a  v e r y  sound  
p r e p a r a t i o n  f o r  more ad v an ced  f u t u r e  s t u d i e s .
Few o t h e r  te x tb o o k  w r i t e r s  o f  h i s  tim e  made su c h  e x c e l l e n t  
u se  o f  d ra w in g s  t o  s i m p l i f y  th e  d i r e c t i o n  o f  e l e c t r i c a l  c u r r e n t s  
i n  tr a n s fo rm e rs ,  and  h i s  a i d s  to  memory w ere g e n u in e ly  u s e f u l  and  
more e a s i l y  fo llo w e d  th a n  m ost o f f e r e d  i n  o th e r  m a n u a ls . P r o f e s s o r  
J a m ie s o n 's  d e s e r v e d ly  p o p u la r  w ork c o n tin u e d  to  be r e v i s e d  i n  n in e  
e d i t i o n s  up t o  1918,
Andrew J a m ie s o n 's  Hand and  F in g e r  R u le s  
f o r  d e te r m in in g  d i r e c t i o n  o f  th e  m a g n e tic
f i e l d ,  and  f o r  l e a r n i n g  o f  th e  d i r e c t i o n
o f  c u r r e n t s  p a s s in g  th ro u g h  w in d in g s .
T e S T IK O  FO R  T H K  D IR E C T IO N  OK T H K  M A G N E T IC  F lK L D  D O E  T O  T I I E  K N O W N  
D in E c n o c »  or C o r i i k n t  i n  a  S t r a i g h t  W i r e ,  o r  vies rsns.1.
Ituhi I . - — I f  y o u  k n o w  t h e  D i r e c t i o n  o f  l . l io  ( " J u r r n n t  i n  t h o  
\\ i t i l l i n g ,  ( . l ic i t  h y  p l a c i n g  y o u r  l i g h t  h a n d ,  a s  s h o w n ,  ( h o  lluimlt 
points in I he direr! ion of the N~j>u!o of Urn solenoid or spiral.
JI ale 2. —  A s c e r t a i n  
t h o  N -jk > 1 o  o f  t l i o  s p i n i l  
o r  s o l e n o i d  h y  m e a n s  o f  
a  c o i n j v i s s - n c e d l c ,  t h e n  
l » y  p l a c i n g  y o u r  r i g h t  
h a n d  o n  t h e  s o l e n o i d  ( a s  
* S  s h o w n  b y  t h o  l i g u r e )  s o  
> t h a t  t h o  o u t s t r e t c h e d  
t h u m b  p o i n t s  i n  t h o  
d i r e c t i o n  o f  t h o  N - p o l e  
( o r  w h e r e  t h e  m a g n e t i c  
l i n e s  o f  f o r c e  l e a v e  t h e  
c o i l s ) ,  (he fiiitjers will point in the direction of the current passing 
through the windings.___________________________
from  A P r a c t i c a l  E le m e n ta ry  M anual o f  
M agnetism  an d  E l e c t r i c i t y  ( 1889)
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P h i l i p  A tk in s o n 's  "E le m en ts  o f  Dynamic E l e c t r i c i t y  an d  M agnetism "
The v o c a t io n a l  s t u d e n t s  weak i n  m a th e m a tic s  fo u n d  a  t e x t  
s p e c i a l l y  d is p o s e d  to  t h e i r  r e q u ir e m e n ts  i n  The E lem en ts  o f  Dynamic 
E l e c t r i c i t y  an d  M agnetism  by  P h i l i p  A tk in s o n , p u b l i s h e d  i n  1 8 9 1 .
He had  r e a l i z e d  t h a t  many o f  th e  young s tu d e n t s  w ere g a in in g  to o  
l i t t l e  from  o t h e r  t e x tb o o k s .  He e x p la in s  i n  h i s  p r e f a c e :  ?
3.8
" P re v io u s  t o  th e  l a s t  d ec ad e  th e  demand f o r  e l e c t r i c a l  books 
was c o n f in e d  c h i e f l y  t o  s c i e n t i f i c  i n v e s t i g a t o r s  v e r s e d  i n  
th e  h ig h e r  m a th e m a tic s ,  and  th e  a u th o r s  o f  su c h  books w ere 
e l e c t r i c i a n s  o f  th e  sam e c l a s s ,  who r e c o g n iz e d  th e  im p o rta n c e  
o f  m a th e m a tic a l  a c c u ra c y  i n  t r e a t i n g  e l e c t r i c a l  phenom ena. 
Hence m a th e m a tic a l  fo rm u la e  becam e a  p ro m in e n t f e a t u r e  o f  
s u c h  b o o k s , b u t  th e  v a r io u s  e l e c t r i c . a l  i n d u s t r i e s  t o  w hich  
th e  r e c e n t  u n p re c e d e n te d  e l e c t r i c a l  d ev e lo p m en t h a s  g iv e n  
r i s e ,  h a s  g iv e n  em ploym ent t o  a  num erous c l a s s  o f  p e r s o n s  
to  whom m a th e m a tic a l  b ooks a r e  a lm o s t  u n i n t e l l i g i b l e ,  and  
y e t  t o  whom a  s c i e n t i f i c  know ledge o f  v a r io u s  k in d s  o f  
e l e c t r i c a l  a p p a r a tu s  w hich  th e y  r e q u i r e  t o  o p e r a t e ,  o r  
w ith  w h ich  t h e i r  b u s in e s s  i s  c o n n e c te d ,  i s  o f  th e  h i g h e s t  
im p o r ta n c e .  T h ere  i s  a l s o  a  c l a s s  o f  l i b e r a l l y  e d u c a te d  
p e r s o n s  who d e s i r e  t o  e x te n d  t h e i r  know ledge o f  e l e c t r i c a l  
p r i n c i p l e s ,  b u t  h av e  n o t  th e  tim e  o r  p a t i e n c e  to  fo l lo w  th e  
i n t r i c a c i e s  o f  m a th e m a tic a l  fo rm u la e , e s p e c i a l l y  i n  th e  
a b b r e v ia te d  form  u s u a l  i n  th e  books r e f e r r e d  t o . "
A tk in s o n ’s  t e x t  i s  a  minimum m a th e m a tic s  e x p o s i t i o n ,  
s t r a i g h t f o r w a r d  i n  p r e s e n t a t i o n ,  an d  p r a c t i c a l l y  o r i e n t a t e d .  He 
g iv e s  th e  h i s t o r i c a l  a c c o u n t  o f  th e  fu n d a m e n ta l ex p o im e n ts  and  
s u b s e q u e n t  a p p l i c a t i o n s  t o  i n d u s t r i a l  u s e s ,  and  t r e a t s  o f  e l e c t r i c ­
a l  m easu rem en t, th e  u n i t s  em ployed and  th e  in s t r u m e n ts  r e g u l a r l y  
u se d  i n  h i s  t im e .  I n  a d d i t i o n  to  dynamos and  m o to rs ,  he t r e a t s  
o f  e l e c t r o l y s i s  i n  th e o r y  an d  i n d u s t r i a l  p r a c t i c e .  The r e l a t i o n s  
o f  e l e c t r i c i t y  to  h e a t i n g ,  in c lu d in g  th e rm o p i le s  an d  e l e c t r i c  
w e ld in g ; and  he  c o v e r s  th e  p r o d u c t io n  o f  i l l u m i n a t i o n  by  a r c
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l i g h t i n g  and  in c a n d e s c e n t  la m p s , and  e x p la in s  th e  d i s t r i b u t i o n  
o f  c u r r e n t  , and  th e  s e r i e s  and  p a r a l l e l  l i g h t i n g  c i r c u i t s  em ployed 
i n  h i s  t im e .  He w r i t e s  i n t e r e s t i n g l y  a l s o  o f  th e  e l e c t r i c  t e l e g r a p h s ,  
b o th  m anual an d  a u to m a t ic ;  su b m a rin e  c a b le s  f o r  th e  t r a n s m is s io n  o f  
t e l e g r a p h y ,  an d  o f  th e  p r i n t i n g  t e l e g r a p h  m a c h in e s , an d  m u l t ip le x  
t e l e g r a p h y ;  an d  o f  th e  t e l e p h o n e ’s  e a r l y  h i s t o r y  an d  c u r r e n t  u s e .
H is  t e x t  i s  r e a d a b le  an d  s e l f - e x p l a n a t o r y  to  th e  b e g in n in g  s t u d e n t ,  
and  th e  i l l u s t r a t i o n s  em ployed  a r e  c l e a r  and  h e l p f u l .
I l l
3 .9
" P o p u la r "  E x p o s i t io n s
The r a p i d l y  i n c r e a s i n g  c u r i o u s i t y  o f  th e  g e n e r a l  p u b l i c  w ith  
r e g a r d  t o  th e  n a tu r e  o f  e l e c t r i c i t y  was c a te r e d  f o r  by  many p o p u la r  
p u b l i c a t i o n s 5 m ost o f  them  w ere o f  a  s u p e r f i c i a l  n a t u r e ,  b u t  a  
num ber w ere g e n u in e ly  e d u c a t io n a l  an d  d e s ig n e d  w ith  c a r e  to  a p p e a l  
t o  t h i n k in g  p e o p le  who had  no p r o f e s s i o n a l  in v o lv e m e n t o r  d e s i r e  
f o r  a  t e c h n i c a l  q u a l i f i c a t i o n .  One o f  th e  m ost u n u s u a l  i n  i t s  
a p p ro a c h  i s  t h a t  o f  O l iv e r  J .  L odge, The Modern Views o f  E l e c t r i c i t y , 
p u b l is h e d  i n  1889. A c o n te m p o ra ry  a d v e r t i s e m e n t  e x p la in s  th e  n o v e l  
f e a t u r e s :
"The o b j e c t  o f  t h i s  w ork i s  to  e x p la in  w i th o u t  t e c h n i c a l i t i e s ,  
an d  to  i l l u s t r a t e  a s  f a r  a s  p o s s i b le  by  m e c h a n ic a l m odels an d  a n a lo g i e s ,  
th e  p o s i t i o n  o f  t h i n k e r s  on e l e c t r i c a l  s u b j e c t s  a t  th e  p r e s e n t  t im e .
I t  d e a l s  p a r t i c u l a r l y  w ith  th e  v iew  o f  e l e c t r i c a l  th e o r y  w h ich  i s  
s p e c i a l l y  a s s o c i a t e d  w ith  th e  nam es o f  C le rk  M axw ell, and  S i r  W illia m  
Thom son. I t  a im s , a s  f a r  a s  possifc£Le, t o  e x p l a i n  w hat i s  known o f  
th e  n a tu r e  o f  e l e c t r i c i t y  b u t  e n t i r e l y  w ith o u t  th e  u s e  o f  m a th e m a t ic s ."
3 .1 0
O l iv e r  L o d g e d  "The M odern Views o f  E l e c t r i c i t y "
The p r i n c i p a l  s e c t i o n s  o f  O l iv e r  L o d g e 's  book a r e  c o n c e rn e d  
w ith  fu n d a m e n ta l  n o t i o n s ;  th e  d i e l e c t r i c ;  c h a rg e  an d  in d u c t io n ;  
m e ta l i c  and  e l e c t r o l y t i c  c o n d u c t io n .  Lodge's a n a l y s i s  o f  th e  a c t i o n
* . Po f  th e  c o n d e n s e r  by  means o f  g r a p h ic  d iag ra m s i s  u n iq u e  and  in g e m u s .
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He p la c e s  much em p h asis  on th e  s tu d y  o f  th e s e  d ia g ra m s , and makes 
o u t  a  s t r o n g  c a s e  i n  h i s  t e x t  f o r  th e  u se  o f  th o s e ,  a s  o pposed  to  
th e  c o n v e n tio n a l  r e p r e s e n t a t i o n s .  He w r i t e s :
"To i l l u s t r a t e  th e  phenom ena o f  c h a rg e ,  I  w i l l  now c a l l  
y o u r a t t e n t i o n  to  th e s e  d ia g ra m s  -  w hich  l e s s  c o m p le te ly  
b u t  more s im p ly  th a n  h y d r a u l i c  i l l u s t r a t i o n s ,  s e r v e  to  
make th e  n a tu r e  o f  th e  phenom ena m a n i f e s t . "
L o d g e 's  m e c h a n ic a l m odel o f  th e  c o n d e n se r  i s  c h a r a c t e r i s t i c  
o f  th e  m anner by  w hich  he d raw s an  a n a lo g y  w ith  v i t a l  e l e c t r i c a l  
f u n c t i o n s .
M e c h an ica l m odel o f  th e  c a p a c i t o r
from  "The M odern Views o f  E l e c t r i c i t y "
A c o rd  i s  s u p p o r te d  on p u l l e y s  and  a  num ber o f  b e a d s  a r e  
f i r m ly  a t t a c h e d  to  th e  c o r d ,  so  t h a t  th e y  can  move w ith  i t ;  
e l a s t i c  th r e a d s  a r e  a t t a c h e d  to  th e  b e a d s ,  and  a  w e ig h t d r iv e s  
th e  p u l l e y s ,  and  a  clam p i s  u se d  to  s to p  th e  m o tio n  o f  th e  c o r d .  
The c o rd  r e p r e s e n t s  e l e c t r i c i t y  f lo w in g  in  a c lo s e d  c i r c u i t ;  
th e  w e ig h t r e p r e s e n t s  a  b a t t e r y  s u p p ly in g  e le c t r o m o t iv e  f o r c e ;
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th e  b ea d s  r e p r e s e n t  th e  p a r t i c l e s  o f  an  i n s u l a t i n g  s u b s ta n c e ;  th e  
e l a s t i c s  c o n n e c te d  w ith  th e  b e a d s  a l lo w  th e  e q u iv a l e n t  o f  e l e c t r i c  
d is p la c e m e n t ,  b u t  can  s p r i n g  b ack  to  t h e i r  o r i g i n a l  p o s i t i o n s  when 
th e  e le c t r o m o t iv e  f o r c e  i s  rem o v ed . The s p e c i f i c  i n d u c t iv e  c a p a c i ty  
o f  th e  d i e l e c t r i c  i s  r e p r e s e n te d  by  th e  s t r e t c h a b i l i t y  o f  th o s e  
e l a s t i c  t h r e a d s :  th e  s t i f f e r  th e  th r e a d s  a r e  to  p u l l  o u t ,  th e  l e s s
i s  th e  i n d u c t iv e  c a p a c i t y  o f  th e  medium. C lam ping  th e  c o rd  c o r r e s ­
ponds to  m aking th e  r e s i s t a n c e  o f  th e  c i r c u i t  i n f i n i t e .  The dynam ic 
a c t i o n  o f  th e  m odel i s  t h a t  when a  g iv e n  EMF i s  a p p l i e d ,  o r  th e
w e ig h t o p e r a t e s ,  a  d e f i n i t e  d is p la c e m e n t  o f  th e  b e a d s  i s  p ro d u c e d .
One s id e  o f  th e  m odel g e t s  more c o rd  th a n  th e  o t h e r ,  an d  t h a t  r e p ­
r e s e n t s  p o s i t i v e  c h a rg e ;  th e  o t h e r  s i d e  g e ts  l e s s  c o r d ,  and  i t  i s  
n e g a t i v e ly  c h a rg e d .  I f  th e  a p p l i e d  EMF e x c e e d s  a  c e r t a i n  l i m i t ,  th e  
s t r a i n  i s  su c h  t h a t  th e  e l a s t i c s  b r e a k ,  e q u iv a le n t  to  th e  d i e l e c t r i c  
b e in g  r u p t u r e d .
O l iv e r  Lodge a l s o  o f f e r s  an  in g e n io u s  m e c h a n ic a l  m odel to  
r e p r e s e n t  i n d u c t i o n .  I t  i s  c l e a r l y  b a se d  upon M a x w e ll 's  m e c h a n ic a l 
m odel o f  i n d u c t i o n . ^  The p u rp o se  o f  h i s  m odel i s  t o  show how an  
in d u c e d  c u r r e n t  r i s e s  and  th e n  g r a d u a l ly  d i e s  aw ay . F o r  t h i s  he 
a t t e m p ts  to  d e m o n s tra te  how a  m a g n e tic  f i e l d  e x c i t e d  i n  any  m anner 
s p r e a d s  i t s e l f  i n t o  and  th ro u g h  c o n d u c tin g  m ed ia .
► it:. 4J . D iagram  illustrating the w ay in which an induced current arises in u mass 
o f metal immerse*I in an increasing m agnetic field ; also how it decays, a B C D  
is the boundary o f  the mass o f metal. T h e  dotted lines a b c d . k f g i i . i  j  k l  
are successive lines o f slip. * J
M ec h an ica l m odel o f  I n d u c t io n  
From "M odern Views o f  E l e c t r i c i t y ’
I l k
He r e p r e s e n t s  th e  c o n d u c tin g  medium a s  a  s q u a re  o f  w h e e ls ,  
i m p e r f e c t ly  g e a re d  t o g e t h e r  an d  c a p a b le  o f  s l i p .  An e le d t r o m o t iv e  
f o r c e ,  r e p r e s e n te d  by  a  r a c k  a t t a c h e d  to  cogs c a u s e s  th e  w h e e ls  
w i th in  th e  in d u c to r  to  m ove. The o u t e r  l a y e r s  o f  w h e e ls  i n s i d e  
b e g in  t o  r o t a t e ,  b u t  t h e r e  i s  d e la y  b e f o r e  th e y  a r e  i n  f u l l  m o tio n , 
f o r  th e  i n n e r  l a y e r  th e  d e la y  i s  g r e a t e r ,  and  so  on -  u l t i m a t e l y ,  
th e  m o tio n  p e n e t r a t e s  an d  e v e r y th in g  i s  i n  a  s t e a d y  s t a t e .  The 
p e r ip h e r y :” o f  th e  w h e e ls ,  m oving i n  th e  d i r e c t i o n  o p p o s i te  to  t h a t  
o f  th e  w h e e ls  i n  c o n ta c t  w i th  th e  r a c k ,  s u g g e s t  th e  o p p o s i te  
in d u c e d  c u r r e n t  e x c i t e d  a t  th e  "m ake” i n  th e  c o n d u c to r  n e a r  a  
g row ing  c u r r e n t ,  o r  a n  i n c r e a s i n g  m a g n e tic  f i e l d .  The p e n e t r a t i o n  
o f  th e  m o tio n  d e e p e r  an d  d e e p e r ,  an d  th e  g ra d u a l  d y in g  away o f  a l l  
s l i p  i l l u s t r a t e  th e  in d u c e d  c u r r e n t  r i s i n g  and  g ra d u a l ly  d y in g  aw ay, 
becom ing n i l  a s  so o n  a s  th e  m a g n e tic  f i e l d  ( t h e  r o t a t i o n )  h a s  p e n e t ­
r a t e d  to  th e  i n t e r i o r  o f  th e  c o n d u c to r .
I t  i s  c e r t a i h l y  a  c u r io u s  m o d e l, and  one can  o n ly  w onder 
w h e th e r  i t  c o n t r i b u t e d  to  a  c l a r i f i c a t i o n  o f  th e  d i f f i c u l t  c o n c e p t ,  
o r  in t ro d u c e d  new q u e s t i o n s .  H ow ever, o th e r  s e c t i o n s  o f  O l iv e r  L o d g e 's  
book  d e a l  w ith  c o n d u c tio n  i n  w ire s  an d  e l e c t r o l y t i c  a c t i o n s ,  t e l e ­
g ra p h y  an d  t e l e p h o n e s ,  an d  m e a su r in g  e q u ip m e n t, an d  a r e  d e s c r ib e d  
and  e x p la in e d  w ith  a d m ira b le  c l a r i t y .
3.11
Amedee G u i l l e m ln 's  " E l e c t r i c i t y  an d  M agnetism ”
A n o th e r book  o f  p o p u la r  a p p e a l  w h ich  d e s e rv e s  c o n s id e r a b le  
r e s p e c t  i s  E l e c t r i c i t y  an d  M agnetism  by  Amedee G u il le m in ,  w hich  
was t r a n s l a t e d  from  th e  F re n c h , an d  xevised an d  e d i t e d  by  S i lv a n u s
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P . Thompson, i n  1891* A lth o u g h  t h i s  i s  c e r t a i n l y  a n  i n t r o d u c t o r y  
w ork an d  l a r g e l y  n o n -m a th e m a tic a l ,  i t  i s  a  co m p re h en s iv e  s u rv e y  o f  
e l e c t r i c a l  phenom ena, th e  r e s e a r c h  w h ich  i n v e s t i g a t e d  i t ,  and  th e  
i n d u s t r i a l  a p p l i c a t i o n s  o f  t h a t  r e s e a r c h .  I t  i s  a lm o s t  e n c y c lo p e d ic  
i n  i t s  t r e a t m e n t ,  and  h a s  th e  b e n e f i t  o f  600 i l l u s t r a t i o n s .  Amedee 
G u il le m in  was a  p r o l i f i c  w r i t e r  on th e  s c i e n c e s  from  th e  e a r l y  1 8 7 0 's  
a n d , a l th o u g h  p r i m a r i l y  c o n c e rn e d  w ith  a r o u s in g  p o p u la r  e n th u s ia s m  
f o r  a s tro n o m y , he  had  b e e n  w e ll-k n o w n in  B r i t a i n  s in c e  1 8 7 2 , when 
M rs. Norman L o ck y e r h ad  t r a n s l a t e d  h i s  book  The F o rc e s  o f  N a tu r e .
A f t e r  i n t r o d u c in g  th e  law s o f  a t t r a c t i o n  and  r e p u l s i o n  and  
th e  c o n c e p t  o f  c h a rg e ,  G u i l le m in  g iv e s  some h i s t o r i c a l  in f o r m a t io n  
on • 'e l e c t r i c  m a c h in e s " ” and  t h e i r  e a r l y  u s e  w ith  L eyden  J a r s  an d  th e  
e a r l y  e x p e r im e n ts  w ith  th em . U n u s u a l ly ,  he d e a ls  w ith  F r a n k l i n 's  
v a r io u s  e x p e r im e n ts ,  s u c h  a s  th o s e  w h ich  r e l a t e  t o  s p a r k s  on d i s c h a r g ­
in g  th e  th e  c o n d e n s e r ,  an d  he g iv e s  some a c c o u n t o f  how F r a n k l in  
a n t i c i p a t e d  u s e s  t o  w h ich  c o n d e n s e rs  c o u ld  be p u t  i n  a  d o m e s tic  
s i t u a t i o n .  He e x p la in s  th e  m easu rem en t o f  c a p a c i t a n c e ,  an d  th e  
in s t r u m e n ts  d e v e lo p e d  f o r  t h a t  p u rp o s e .  H is  t r e a tm e n t  o f  s e l f -  
and  m u tu a l - in d u c ta n c e  i s  b y  way o f  an  'a c c o u n t  o f  th e  p io n e e r in g  
e x p e r im e n ts  o f  F a ra d a y , i n  w h ich  he r e f e r s  to  th e  " E x tr a  c u r r e n t "
(b a c k  EMF) q u i t e  b r i e f l y ,  th e n  h e  e x p la in s  th e  b a s ic  f u n c t io n  o f  th e  
t r a n s f o r m e r  th ro u g h  a  d e s c r i p t i o n  o f  th e  R uhm korff c o i l .  H is  s e c t i o n s  
on th e  dynamo an d  th e  g e n e r a to r  a r e  a t  once s im p le  an d  i n t e r e s t i n g  
i n  t h e i r  g r a d u a l  u n f o ld in g  o f  th e  a p p l i c a t i o n s  o f  fu n d a m e n ta l p r i n ­
c i p l e s .  T hese s e c t i o n s  h av e  th e  b e n e f i t  o f  S i lv a n u s  P .  T hom pson 's 
e d i t o r i a l  w ork i n  b r i n g in g  them  u p - t o - d a t e .  One o f  th e  v e ry  i n t e r ­
e s t i n g  f e a t u r e s  o f  t h i s  book  i s  t h a t  h e  shows how some o f  N a tu r e 's
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e l e c t r i c a l  phenom ena, l i k e  th e  A u ro ra  B o r e a l i s ,  S t*  E lm o’s  F i r e ,  
th u n d e r  and  l i g h t n i n g ,  e t c , ,  c a n  be e x p la in e d  by  s c i e n t i s t s  a p p ly ­
in g  t h e i r  know ledge o f  in d u c ta n c e  and  c a p a c i t a n c e .
117
D u rin g  th e  l 8 8 0 's  and  e a r l y  l 8 9 0 's  th e  p h y s ic s  s t u d e n t s  a t  
u n i v e r s i t y  and  o th e r  i n s t i t u t i o n s  o f  ad v an ced  e d u c a t io n  w ere 
p ro v id e d  w ith  a  num ber o f  te x tb o o k s  w hich  w ere p i t c h e d  a t  a  
h ig h e r  l e v e l  o f  m a th e m a tic a l  a b i l i t y ;  t h e s e ,  o v e r t l y  -  and  o c c a s ­
i o n a l l y  c o v e r t l y ,  made ab u n d a n t u s e  o f  th e  w r i t i n g s  and  r e s e a r c h  
r e s u l t s  o f  W illia m  Thomson an d  Jam es C le rk  M axw ell, and  know ledge 
o b ta in e d  from  th e  p u b l is h e d  p a p e rs  o f  C o n t in e n ta l  r e s e a r c h e r s  
s u c h  a s  H e lm h o ltz  and  H e r tz .  M ost o f  th e s e  te x tb o o k s  had  t h e i r  
o r i g i n  i n  th e  r e l a t i v e l y  r e c e n t l y  e s t a b l i s h e d  l a b o r a t o r i e s  a t t a c h ­
ed  to  th e  u n i v e r s i t i e s  an d  i n s t i t u t i o n s  o f  h ig h e r  e d u c a t io n ,  and 
th e y  grew  o u t  o f  s p e c i f i c  c o u r s e s  o rg a n iz e d  o r  s u p e r v is e d  fey th e  
w r i t e r s .
3 -1 3
A lf r e d  D a n ie l ’s  "T ex tb o o k  o f  th e  P r i n c i p l e s  o f  P h y s ic s 11
I n  l 88*f P r o f e s s o r  A lf r e d  D a n ie l ,  o f  G lasgow  U n iv e r s i t y ,  
p u b l is h e d  h i s  T ex tb o o k  o f  th e  P r i n c i p l e s  o f  P h y s ic s  w hich  was 
s p e c i f i c a l l y  d e s ig n e d  to  p ro v id e  a  s o l i d  feackground f o r  th o s e  
e n t e r i n g  upon m e d ic a l o r  s c i e n t i f i c  c o u r s e s .  The a u th o r  acknow­
le d g e s  h i s  d eep  d e b t  t o  W illia m  Thomson and  P r o f e s s o r  T a i t  o f  
C am b rid g e , an d  th e  s e c t i o n s  on e l e c t r i c i t y  and  m agnetism  dhow 
a c o n s id e r a b le  d ep en d en ce  on t h e i r  w r i t i n g s .  The t r e a tm e n t  i s  
h ig h ly  m a th e m a tic a l ,  th e  e x p o s i t i o n  r a t h e r  d e n s e ly  p a c k e d , d u l l ,  
and  s c a r c e l y  l i k e l y  t o  m o t iv a te  th e  young r e a d e r ,  who i n  a l l  
p r o b a b i l i t y  w ould be d ism ay ed  a t  th e  p r o s p e c t  o f  w o rk in g  th ro u g h  
a  v a s t  compendium o f  s c i e n t i f i c  k n o w led g e .
3.12
Higher Education Textbooks
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R .T . G la a e b ro o k  an d  VLN. S h aw 's  nP r a c t i c a l  P h y s ic s 11
A n o th e r u n i v e r s i t y  la b o r a to r y - d e v e lo p e d  te x tb o o k  i s  th e  
1883 P r a c t i c a l  P h y s ic s  by  R .T . G la z e b ro o k  and  W.N. Shaw, d e m o n s ra t-
oj-vgv&CS ii
o r s  a t  th e  G ia^en d o n  L a b o r a to ry ,  C am b rid g e . The v / r i t e r s  i n d i c a t e  
i n  t h e i r  p r e f a c e  t h a t  th e  book  was in te n d e d  to  g iv e  a s s i s t a n c e  to  
th e  s t u d e n t s  and  t e a c h e r s  i n  p h y s i c a l  l a b o r a t o r i e s ,  an d  was o f f e r e d  
b e c a u s e  th e y  f e l t  th e  a b s e n c e  o f  a n y  book c o v e r in g  th e  same g ro u n d . 
The w ork i s  p r i m a r i l y  a  d e s c r i p t i o n  o f  e x p e r im e n ts  w here a  h ig h  
p r i o r i t y  i s  g iv e n  to  m ethods o f  e x a c t  m easurem ent i n  th e  c o u r s e  o f  
w h ich  th e y  hope to  i l l u s t r a t e  th e  more im p o r ta n t  p r i n c i p l e s  o f  
t h e i r  s u b j e c t .  I t  i s  a  te x tb o o k  b e t t e r  s u i t e d  to  th o s e  who a r e  
a l r e a d y  f a i r l y  ad v an ced  i n  m a th e m a tic s  and  w ith  some know ledge o f  
l a b o r a t o r y  p r o c e d u r e s .  The im p re s s io n  g iv e n  i s  t h a t  th e  w r i t i n g  
i s  p r i m a r i l y  d i r e c t e d  to  th e  a t t e n t i o n  o f  th e  t e a c h e r  r a t h e r  th a n  
th e  s t u d e n t .  The a u th o r s  comment t h a t i  "F o r th e  m ost p a r t  th e y  
h av e  n o t  a t te m p te d  e x p la n a t io n s  o f  p r i n c i p l e s ,  b u t  h av e  t r u s t e d  
t o  th e  o r d in a r y  p h y s i c a l  te x tb o o k s  t o  s u p p ly  th e  t h e o r e t i c a l  p a r t s  
n e c e s s a r y  f o r  u n d e r s ta n d in g  th e  s u b j e c t . "  How ever, i n  t h e i r  s e c t i o n s  
d e a l i n g  w ith  e l e c t r i c i t y ,  th e y  h av e  bo rrow ed  e x t e n s i v e ly  from  
M a x w e ll 's  e x p la n a t io n s  an d  com m entary  i n  h i s  E le m e n ta ry  T e a t i s e  on 
E l e c t r i c i t y .  T h e i r  te x tb o o k  c o v e rs  much th e  same g ro u n d , b u t  h a s  
more c o n c e n t r a t i o n  upon u n i t s  o f  m easurem ent w h ich  w ere th e n  th e  
s u b j e c t  o f  g r e a t  i n t e r e s t  a t  th e  C av en d ish  L a b o r a to r y .  The s tu d e n t  
r e a d e r  r e q u i r e s  c o n s id e r a b le  know ledge o f  a lg e b r a  and  t r ig o n o m e try  
to  b e n e f i t  f u l l y  from  t h e i r  e x p e r im e n ts  and  com m entary , p a r t i c u l a r l y  
w here th e y  d e a l  w ith  m easu rem en ts  o f  e l e c t r o m o t iv e  f o r c e  and
3.1**
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e l e c t r o - c h e m ic a l  m easu rem en ts  on  th e  r e s i s t a n c e  o f  c o n d u c to r s ,  
and  th e  a b s o lu t e  m easu rem en t o f  e l e c t r i c a l  r e s i s t a n c e .
T h e i r  t r e a tm e n t  o f  th e  n a tu r e  an d  m easurem ent o f  c a p a c i ta n c e  
i s  r a t h e r  b r i e f ,  m ost o f  i t  ta k e n  from  M a x w e ll's  l a r g e r  T r e a t i s e , 
a l th o u g h  th e y  o f f e r  a  r a t h e r  more e l a b o r a t e  t r e a tm e n t  o f  th e  
co m p a riso n  o f  c a p a c i t i e s ,  em p lo y in g  th e  M axwell a r ra n g e m e n t o f  th e  
W h ea ts to n e  B rid g e  ( n u l l i n g )  m e th o d . The a u th o r s  make l i t t l e  
c o n c e s s io n  to w ard s  th e  s t u d e n t 's  n eed  f o r  v i s u a l i z a t i o n ,  and  th e  
i l l u s t r a t i o n s  a r e  few .
3 .1 5
M. J o u b e r t ' s  " T ra i té "  E lé m e n ta i r e  D1E l e c t r i c i t é "
A n o th e r  f i r s t  y e a r  u n i v e r s i t y - l e v e l  te x tb o o k  i s  M. J o u b e r t ' s  
T r a i t s  E lé m e n ta i r e  D 'E l e c t r i c i t é ,  t r a n s l a t e d  i n t o  E n g l is h  and 
a d a p te d  to  B r i t i s h  s t u d e n t s '  r e q u ir e m e n ts  by G .C . F o s t e r ,  P r o f e s s o r  
o f  P h y s ic s ,  U n iv e r s i t y  C o l le g e ,  London, and  E . A tk in s o n , fo rm e r 
P r o f e s s o r  o f  E x p e r im e n ta l  S c ie n c e  i n  th e  S t a f f  C o l le g e ,  w hich  was 
p u b l is h e d  i n  1892. The E n g l i s h  a c a d e m ic s  f e l t  t h a t  th e  F re n c h  t e x t  
was n o t  s u f f i c i e n t l y  r i g o r o u s ,  f o r  th e y  w ro te :  " I n  th e  u s e  o f
m a th e m a tic a l  r e a s o n in g  we h av e  a l lo w e d  o u r s e lv e s  a  l i t t l e  more 
freedom  th a n  was u se d  by  M. J o u b e r t . "  To g e t  th e  b e s t  from  th e  book 
i t  was n e c e s s a r y  f o r  th e  s tu d e n t  to  have  a  f a i r  command o f  a l g e b r a ,  
t r ig o n o m e try ,  and h av e  a  f lu e n c y  i n  h a n d l in g  l o g a r i t h m s .  B a s i c a l l y ,  
th e  t e x t  i s  a n  e x te n s iv e  c o m p i la t io n  o f  th e  p u b l is h e d  m a t é r i a l  o f  
d i s t i n g u i s h e d  r e s e a r c h e r s  and v / r i t e r s ,  and  th e  552 p ag e s  have an  
a p p r o p r i a t e l y  l a r g e  num ber o f  i l l u s t r a t i o n s .  T h ere  a r e  many acknow ­
le d g e d  b o rro w in g s  from  F a ra d a y , M axw ell, and  W illiam  Thom son. The
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s e c t i o n  on c a p a c i ty  t r e a t s ,  i n  c o n s id e r a b le  d e p th ,  th e  c a p a c i ty  o f  
th e  e l e c t r i c  f i e l d ;  th e  c a p a c i ty  o f  tu b e s  o f  f o r c e  m a th e m a t ic a l ly  
ex am in ed ; sp ec im e n s  o f  c a l c u l a t i o n s  o f  c a p a c i ty  i n  s p e c i a l  c a s e s  
su c h  a s  c o a x ia l  c y l i n d e r s ,  an d  a  v a r i e t y  o f  d i f f e r e n t  ty p e s  o f  
c o n d e n s e r s .  T h e re  i s  a l s o  m a th e m a tic a l  a n a ly s i s  o f  th e  i n f lu e n c e  
o f  d i f f e r e n t  ty p e s  o f  d i e l e c t r i c s ,  an d  th e  n a tu r e  o f  c h a rg e  and  
d i s c h a r g e  i n  c o n d e n s e r s .
The s e c t i o n  on in d u c t io n  d e s c r ib e s  and  c a l c u l a t e s  th e  c h a r a c t e r ­
i s t i c s  o f  i n d u c t io n  c u r r e n t s ;  ex am in es L e n z 's  Law; e l e c t r o m o t iv e  
f o r c e ;  th e  c o e f f i c i e n t  o f  s e l f - i n d u c t i o n ;  and  e l e c t r o m o t iv e  f o r c e  
due to  s e l f - i n d u c t i o n .  The p r i n c i p l e s  a r e  th e n  a p p l i e d  t o  p a r t i c u l a r  
c i r c u i t s  r e l a t e d  to  i n d u s t r i a l  e q u ip m e n t. T h ere  i s  t r e a tm e n t  o f  
e l e c t r i c a l  o s c i l l a t i o n  and  an  a c c o u n t  o f  th e  e x p e r im e n ts  o f  O l iv e r  
Lodge and  H e r tz  w ith  o s c i l l a t o r s  d u r in g  t h e i r  w ork w ith  r a d io  t r a n s ­
m is s io n  o f  e l e c t r i c a l  w av es.
The te x tb o o k  was p o p u la r  i n  acad em ic  c i r c l e s ,  an d  w ent th ro u g h  
t h r e e  e d i t i o n s ,  th e  l a s t  i n  1909- Each was k e p t  u p - t o - d a t e  w ith  
c u r r e n t  r e s e a r c h  and  e x p e r im e n ta t io n  and  th e  p r a c t i c a l  a p p l i c a t i o n s  
o f  p r i n c i p l e s ,  so  t h a t  t h e r e  i s  th e  i n c l u s i o n  o f  su c h  s u b j e c t s  a s  
c a th o d e  tu b e s  and  R ö n tg en  R ay s .
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D u rin g  th e  l8 8 0 * s  e n g in e e r s  and  i n d u s t r i a l i s t s  becam e co n ­
v in c e d  t h a t  a  m a jo r r e q u ir e m e n t  was th e  c e n t r a l i z e d  s o u rc e  o f  
e l e c t r i c a l  pow er, an d  t h a t  f o r  r e a s o n s  o f  economy and  e l e c t r i c a l  
e f f i c i e n c y  i n  d i s t r i b u t i o n ,  A .C . i n s t a l l a t i o n s  w ould  h av e  to  
r e p la c e  th o s e  o p e r a t i n g  on D .C . M e c h a n ic a l ly  and  e l e c t r i c a l l y  
e f f i c i e n t  A .C . g e n e r a to r s  w ere d e v e lo p e d  by  S ie m en s , F & r r a n t i ,
G e n e ra l  E l e c t r i c ,  and  o t h e r  p r o g r e s s iv e  com pan ies i n  B r i t a i n ,
E u ro p e , an d  A m erica . By th e  u s e  o f  s te am  o r  w a te r  a s  p rim e 
m o v ers , and p o w e rfu l h ig h - v o l t a g e  A .C . g e n e r a to r s ,  i t  was 
p o s s i b le  to  d i s t r i b u t e  e l e c t r i c i t y  o v e r  lo n g  d i s t a n c e s  t o  t r a n s ­
fo rm e rs  a t  f a c t o r i e s  o r  tow n c e n t r e s  w here th e  v o l t a g e  c o u ld  
be  re d u c e d  to  a  l e v e l  s u i t a b l e  f o r  i l l u m i n a t i o n  o f  a r c  o r  in c a n ­
d e s c e n t  l i g h t s ,  o r  t o  pow er i n d u s t r i a l  m o to rs .
Once b eg u n , th e  d e v e lo p m e n ts  w ere so  r a p id  t h a t  many o f  
th e  t e c h n i c ia n s  and  t e a c h e r s  w ere e m b a rra sse d  by  t h e i r  l a c k  o f  
u n d e r s ta n d in g  o f  th e  th e o r y  and  p r a c t i c e  o f  th e  new A .C . te c h n o lo g y  
w h ich  had  a p p e a re d  among th em . They w ere f a m i l i a r  w i th  D .C . c i r c u i t s  
i n  g e n e r a to r s  an d  m o to rs ,  b u t  A .C . b e h a v io r  a p p e a re d  to  be e x tre m e ly  
c o m p lic a te d  b y  c o m p a r iso n . Some g u id e  was u r g e n t l y  r e q u i r e d .  T h is  
was to  be p ro v id e d  by  J .  Ambrose F le m in g , P r o f e s s o r  o f  E n g in e e r in g  
a t  th e  U n iv e r s i t y  C o l le g e ,  London, who i n  1889 p ro d u c ed  h i s  tw o - 
volum e w ork The A l t e r n a t e  C u r r e n t  T ra n s fo rm e r .  A c c o rd in g  to  th e  
u n d e r s ta n d in g  o f  h i s  t im e ,  th e  word " t r a n s f o r m e r "  was i n t e r p r e t e d  
more l o o s e l y  th a n  i n  m odern t im e s ,  and  encom passes c o i l s ,  w in d in g s , 
and  e v e ry  form  o f  i n d u c t o r ,  and  e tfe ry  c i r c u i t  w here in d u c ta n c e  
f e a t u r e s  s i g n i f i c a n t l y ,  i n c lu d in g  th e  p ro p a g a t io n  o f  e l e c t r o m a g n e t ic  
w av es.
3.16
Textbooks which treat of A.C. Electricity
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MThe p r a c t i c a l  em ploym ent o f  p e r io d i c  c u r r e n t s  and t h e i r  
i n d u c t iv e  t r a n s f o r m a t io n  i s  becom ing  s o  im p o r ta n t  t h a t  
i t  seem ed p ro b a b le  t h a t  a  s e r v i c e  w ould b e  r e n d e re d  to  th o s e  
d e a l in g  w ith  t h e s e  m a t t e r s  b y  p l a c in g  t o g e t h e r  th e  m ain o u t ­
l i n e s  o f  th e  th e o r y  o f  th e  a p p l i c a t i o n  o f  c u r r e n t  i n d u c t io n  
. . .  th e  d e s i r e  o f  th e  a u th o r  h a s  b een  to  c o l l e c t  o u t  o f  th e  
t e c h n i c a l  j o u r n a l s  an d  s p e c i a l i z e d  t r a n s a c t i o n s  o f  s o c i e t i e s  
th e  c o n t r i b u t i o n s  o f  v a r io u s  w r i t e r s  who have  e s p e c i a l l y  
added  m a t t e r  to  o u r  know ledge o f  t h i s  d e p a r tm e n t ."
The w ork i s  more e s a u s t i v e  i n  a n a ly s i s  o f  a l t e r n a t i n g  c u r r e n t s  
th a n  an y  p r e v io u s  t e x t ,  and  th e  a u th o r  d o es  n o t  h e s i t a t e  t o  u s e  
f a i r l y  ad v an ced  m a th e m a tic s ,  n e v e r t h e l e s s ,  th e  m a t e r i a l  i s  a c c e s s ­
i b l e  to  m ost l e v e l s  o f  t e c h n i c a l  and  acad em ic  s t u d e n t s  b y  r e a s o n  o f  
th e  num erous v e r b a l  d e s c r i p t i o n s  o f  th e  more in v o lv e d  t h e o r e t i c a l  
s e c t i o n s ,  an d  th e  i n c l u s i o n  o f  250 s p e c i a l l y  p re p a re d  d ia g ra m s , 
d ra w in g s , i n s t r u m e n ta l  an d  m e c h a n ic a l i l l u s t r a t i o n s  i n  s u p p o r t  o f  
th e  t e x t .  F lem in g  e x p la in s  t h a t  A .C . c i r c u i t s  a r e  n o t  r e a l l y  new 
to  th e  r e a d e r 's  s u b j e c t ,  b u t  w ere em ployed by  th e  e a r l y  r e s e a r c h e r s  
l i k e  F a ra d a y  and  Ampère an d  A rag o , and  o t h e r s ,  an d  c a l l s  upon  t h e i r  
e x p e r im e n ts  t o  e x p la in  th e  c o n c e p t o f  th e  f i e l d  o f  e l e c t r o m a g n e t ic  
f o r c e .  By d e s c r i p t i o n  an d  d ia g ra m s  he g r a d u a l ly  b u i l d s  up  an  
u n d e r s ta n d in g  o f  th e  e le c t r o m o t iv e  f o r c e  o f  in d u c t io n  and  em ploys 
g r a p h ic  m eans to  r e p r e s e n t  th e  v a r i a t i o n  o f  c o e f f i c i e n t  o f  i n d u c t i o n .  
H is  s e c t i o n  on th e  th e o r y  o f  p e r io d i c  c u r r e n t s  e x p la in s  F o u r i e r 's  
th e o re m ; th e  a n a l y s i s  o f  com plex p e r io d i c  m o tio n ; d e r iv e d  s i n e  c u r v e s ;  
an d  v a r io u s  g r a p h ic  r e p r e s e n t a t i o n s  o f  p e r io d i c  c u r r e n t s .  When 
d e a l in g  w ith  s e l f - i n d u c t i o n  and  m u tu a l - in d u c t io n ,  F le m in g  g iv e s  th e  
h i s t o r i c a l  b ac k g ro u n d , in c lu d in g  th e  r e s e a r c h e s  o f  J o s e p h  H enry , t o  
e x p la in  th e  th e o r y  o f  th e  in d u c t io n  c o i l .  He c o v e rs  th e  u s e  o f  i r o n  
c o r e s ,  and  c l a r i f i e s  th e  e f f e c t  o f  s a t u r a t i o n  and  m a g n e tic  h y s t e r e s i s ,  
and  a l s o  w r i t e s  on  e f f i c i e n c y  o f  th e  t r a n s f o r m e r .
3.17
Professor Fleming explains in his prefaces
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I n  h i s  s e c t i o n s  on e le c t r o m a g n e t i c  th e o r y  F lem in g  o f f e r s  th e  
r e a d e r  a  com m entary  and  i n t e r p r e t a t i o n  o f  M ax w ell’s  t h e o r i e s ,  i n c l u d ­
in g  th e  d is p la c e m e n t  c u r r e n t ,  an d  th e  p r o d u c tio n  o f  e l e c t r o m a g n e t ic  
w av es , F lem in g  d e a l s  th o ro u g h ly  v / i th  th e  p r a c t i c a l  c i r c u i t s  w hich  
c o n ta in  i n d u c to r s  and  c a p a c i t o r s ,  an d  d e s c r ib e s  th e  r e s o n a n t  e l e c t r i c  
c i r c u i t s .  H is  t e x t  was c o m p le te ly  u p - t o - d a te  w ith  th e  r e s e a r c h  o f  
h i s  t im e ,  and  in c lu d e s  d e s c r i p t i o n  and  com m entary on H e r t z ’ r e s e a r c h ­
e s  on e l e c t r i c  o s c i l l a t o r y  i n d u c t io n ,  an d  th e  p r o p a g a t io n  o f  e l e c t r o -
12m a g n e tic  w aves by  b o th  H e r tz  and  L odge, and  he g iv e s  an  a c c o u n t  o f
th e  u s e s  o f  th e  W h e a ts to n e  B rid g e  to  i n v e s t i g a t e  s e l f - i n d u c t i o n  o f
13co p p e r  c o n d u c to r s  u n d e r ta k e n  by  L ord  R a y le ig h .
A t a l l  t im e s  F le m in g  k e e p s  i n  m ind th e  p r a c t i c a l  a p p l i c a t i o n  
o f  th e  in f o r m a t io n  w hich  he o f f e r s ,  an d  a t te m p ts  to  t i e - i n  th e  new 
in f o r m a t io n  w i th  th e  b ac k g ro u n d  know ledge w hich  h i s  r e a d e r s  may 
a l r e a d y  p o s s e s s .  F o r  i n s t a n c e ,  he r e f e r s  to  a p p l i c a t i o n s  o f  co n ­
d e n s e r s  t o  t e l e g r a p h y  c i r c u i t s ,  e x p la in in g  t h a t  i n  t e l e g r a p h y  th e  
s e l f - i n d u c t i o n  o f  th e  r e l a y  i s  an  o b s t a c l e  to  th e  p ro d u c t io n  o f  
r a p id  ch an g es  o f  c u r r e n t  s t r e n g t h  th ro u g h  th e  r e l a y ;  h o w ev er, i f  
th e  t e r m in a l s  o f  th e  r e l a y  a r e  c o n n e c te d  to  a  s u i t a b l e  c o n d e n s e r ,  
th e  e f f e c t  o f  s e l f - i n d u c t i o n  o f  th e  r e l a y  w i l l  be l e s s e n e d .  A g a in , 
i n  ex a m in in g  th e  b e h a v io r  o f  c o n d e n s e rs  he o f f e r s  v e ry  c l e a r  g r a p h ic  
r e p r s e n t a t i o n s  o f  th e  c h a rg e  and  d is c h a r g e  o f  c o n d e n s e rs  th ro u g h  
l a r g e  and  s m a l l  r e s i s t a n c e s ,  and  s i m i l a r l y  s u p p l i e s  e x c e l l e n t  
i l l u s t r a t i o n s  o f  th e  LC c i r c u i t  w hich  can  p ro d u c e  c o n t r o l l e d  
o s c i l l a t i o n s  f o r  d i f f e r e n t  p u rp o s e s .  H is  t r e a tm e n t  o f  o s c i l l a t o r y  
c i r c u i t s  l e a d s  on to  th e  co n te m p o ra ry  r e s e a r c h  w h ich  was e x p e r im e n t­
in g  w ith  v a r io u s  c i r c u i t s  f o r  th e  p ro p a g a t io n  and  r e c e p t i o n  o f  
e l e c t r o m a g n e t i c  w av es, and  he d e a ls  w i th  th e  in s t r u m e n ts  w hich  w ere 
th e n  u se d  to  m easu re  th em .
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F lem in g  t r e a t s  th o ro u g h ly  th e  i n d u s t r i a l  a p p l i c a t i o n s  o f  
i n d u c t iv e  d e v ic e s :  he g iv e s  co m p re h en s iv e  c o v e ra g e  to  t r a n s f o r m e r s
f o r  s u p p ly  o f  c u r r e n t  f o r  l i g h t i n g  p u rp o s e s ,  an d  d e s c r i b e s  s u c c e s s f u l  
l a r g e - s c a l e  c e n t r a l i z e d  i n s t a l l a t i o n s  su c h  a s  th e  W estin g h o u se  
E l e c t r i c  L ig h t in g  Company i n  A m erica , and th e  London E l e c t r i c  
S u p p ly  C o rp o ra t io n  ( F e r r a n t i ) , and  th e  M e tro p o l i ta n  E l e c t r i c  L ig h t in g  
Company o f  L ondon. He d e s c r ib e s  and  i l l u s t r a t e s  th e s e  pow er s t a t i o n s ,  
and  p ro v id e s  many e x p la n a to r y  d ia g ra m s , p h o to g ra p h s ,  and  d ra w in g s , 
t o g e t h e r  w ith  c i r c u i t  d ia g ra m s  an d  p r a c t i c a l  d e t a i l s  o f  th e  c o n s t r u c t ­
io n  o f  t r a n s f o r m e r s .
The q u a l i t y  and  v a lu e  o f  The A l t e r n a t in g  C u r r e n t  T ra n s fo rm e r  
was im m e d ia te ly  r e c o g n iz e d  an d  ac k n o w led g ed . S i lv a n u s  P . Thompson, 
re v ie w in g  th e  w ork i n  The E l e c t r i c i a n ,  ( t h e  m ost r e s p e c t e d  e l e c t r i c a l  
j o u r n a l  o f  th e  t im e ) w ro te :  - • . v k V . .
H it  w ould be d i f f i c u l t  t o  p ic k  o u t  from  th e  e l e c t r i c a l  l i t e r a t ­
u r e  o f  th e  p a s t  t e n  y e a r s  an y  w ork w hich  m ark s , a s  e m p h a t ic a l ly  
a s  d o es D r. F le m in g 's  b o o k , th e  m anner i n  w hich  th e  p r a c t i c a l  
p ro b lem s o f  th e  d ay  h av e  co m p e lle d  e l e c t r i c a l  e n g in e e r s  to  
ad v an ce  t h e i r  know ledge o f  th e  t h e o r e t i c 1!  s c ie n c e  . . .  i t  i s  
a  book w hich  th e  e l e c t r i c a l  e n g in e e r  o f  th e  p r e s e n t  and f u t u r e  
a l i k e  w i l l  r e a d . "
3 « l8  S .P .  T hom pson 's "Dynamo E l e c t r i c  M ach in e ry "
I n  1882 S i lv a n u s  P .  Thom pson, who had  e a rn e d  f o r  h im s e l f  a  
re m a rk a b le  r e p u t a t i o n  a s  an  e n t h u s i a s t i c  t e c h n i c a l  e d u c a to r ,  was 
i n v i t e d  to  g iv e  th e  C a n to r  L e c tu r e s  b e f o r e  th e  R oyal S o c ie ty :  he 
ch o se  f o r  h i s  s u b j e c t  "Dynamo E l e c t r i c  M a c h in e ry ."  The l e c t u r e s  
w ere e n t h u s i a s t i c a l l y  r e c e i v e d ,  and  p u b l is h e d  i n  th e  J o u r n a l  o f  
th e  R oyal S o c ie ty  o f  A r ts  ; h o w ev er, th e  demand f o r  th e  v a lu a b le
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in f o r m a t io n  w h ich  th e y  c o n ta in e d  was so  g r e a t  t h a t  th e y  w ere 
r e p r i n t e d  i n  The E l e c t r i c i a n .  The a u th o r  was e n c o u ra g e d  to  expand  
th e  w r i t i n g  i n t o  a  t e x tb o o k .  T h is  he d id ,  an d  p u b l is h e d  i n  188^ 
u n d e r  th e  same t i t l e .  I t v a s  a g r e a t  s u c c e s s ,  and  was q u ic k ly  t r a n s ­
l a t e d  i n t o  many f o r e i g n  la n g u a g e s .  The w ork was s u b s e q u e n t ly  r e ­
v i s e d  on num erous e d i t i o n  w hich  k e p t  a b r e a s t  o f  t e c h n i c a l  d e v e lo p ­
m e n ts .  The s t r e n g t h  o f  a p p r o v a l  and  a d m ira t io n  t h a t  was f e l t  f o r  
t h i s  te x tb o o k  was sum m arized  by  th e  re v ie w e r  o f  th e  2nd e d i t i o n  
w r i t i n g  i n  th e  E l e c t r i c a l  E n g in e e r :
"An e x c e e d in g ly  c l e a r ,  s im p le ,  and  l o g i c a l  s t a t e m e n t  o f  th e  
e s s e n t i a l s  o f  a  com plex  s u b j e c t .  I f  P r o f e s s o r  Thompson had  
done n o th in g  e l s e ,  t h i s  i n v a lu a b le  book w ould s e r v e  a s  h i s  
e n d u r in g  m onum ent."
Dynamo E l e c t r i c  M ac h in e ry  i s  a co m p reh en siv e  te x tb o o k  w ith  
250 e x c e l l e n t  i l l u s t r a t i o n s  w hich  f u l l y  j u s t i f i e d  th e  a u th o r s  a im , 
w hich  w as, i n  h i s  own w o rd s: "To make th e  work a  m anual f o r
s t u d e n t s  o f  e l e c t r i c a l  te c h n o lo g y , f o r  whom no te x tb o o k  o f  t h i s  
b ra n c h  o f  s c ie n c e  h a s  h i t h e r t o  b een  a v a i l a b l e . "  T hose who w orked 
th ro u g h  i t  w ere bound to  g a in  a  th o ro u g h  g ro u n d in g  i n  th e  b a s i c  
p r i n c i p l e s  o f  th e  s u b j e c t ,  and  an  a c q u a in ta n c e  w ith  th e  eq u ip m en t 
o f  th e  d a y , an d  th e  b e s t  p r a c t i c e s  i n  w o rk in g  w ith  i t .
S i lv a n u s  P .  Thompson expounds th e  p r i n c i p l e  o f  th e  dynamo and  
th e  law s  r e l a t i n g  to  th e  p r o d u c t io n  o f  c u r r e n t  w i th  a d m ira b le  
c l a r i t y ,  accom pany ing  h i s  t e x t  w ith  d iag ra m s o f  th e  c u t t i n g  o f  th e  
l i n e s  o f  f o r c e  w hich  a r e  p a r t i c u l a r l y  e a s y  to  a s s o c i a t e  w ith  th e  
r e a l  c o n d i t i o n s .  The i l l u s t r a t i o n s ,  o f t e n  i n  th e  form  o f  h i s  own 
e x c e l l e n t  d ra w in g s , a r e  p a r t i c u l a r l y  u s e f u l  i n  t h a t  s e c t i o n  o f  
h i s  w ork d e a l in g  w ith  th e  m echanism  and  d e s ig n  o f  th e  dynamo,
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w here he o f f e r s  a s t r a i g h t f o r w a r d  b u t  thorcugh a c c o u n t  o f  th e  d i f f e r e n t  
ty p e s  o f  a r m a tu re ,  and  a  v a r i e t y  o f  w in d in g s , an d  th e  f u n c t io n s  o f  
th e  com m utato r an d  b r u s h e s .  T h ere  i s  a l s o  a f i n e  a c c o u n t  o f  th e  i n d u c t ­
io n  o f  c o i l s  i n  th e  r o t a t i n g  a r m a tu re ,  com plem ented by  g ra p h s  o f  th e  
c u rv e s  o f  in d u c t io n  an d  th e  c u rv e s  o f  p o t e n t i a l .  The t h e o r e t i c a l  
p r i n c i p l e s  a r e  r e l a t e d  t o  n o ta b le  c o n te m p o ra ry  dynam os, s u c h  a s  th e  
S iem ens and  th e  Gramme, w h ich  a r e  t r e a t e d  to  co m p re h en s iv e  d e s c r i p t ­
io n s  o f  th e  m e c h a n ic a l  an d  e l e c t r i c a l  f e a t u r e s ,  and  s u i t a b l y  i l l u s t ­
r a t e d .  I n  a  m ost s k i l l f u l  m anner he k e e p s  th e  t h e o r e t i c a l  and  p r a c t ­
i c a l  c o n s id e r a t i o n s  w e l l  b a la n c e d  -  a s  th e  in s t a n c e  w here he e x p la in s  
t h e  d i f f i c u l t y  o f  d e s ig n in g  m ach in es  w here th e  u n d e s i r e d  e f f e c t s  o f  
s e l f - i n d u c t a n c e  m ust be m in im iz e d .
W hile many s e c t i o n s  may be u n d e r s to o d  w i th o u t  d i f f i c u l t y  by 
th o s e  t e c h n i c i a n s  who w ere u n v e r s e d  i n  m a th e m a tic s ,  th e  a u th o r  a l s o  
i n t r o d u c e s  a  s u b s t a n t i a l  s e c t i o n  d e a l i n g  w ith  th e  a l g e b r a i c  th e o r y  
o f  th e  dynam o, g iv in g  e x p r e s s io n s  f o r  th e  e le c t r o m o t iv e  f o r c e ,  th e  
c u r r e n t ,  and  th e  p r i n c i p a l  t y p e s ,  and  th e  a v e ra g e  e le c t r o m o t iv e  f o r c e  
in d u c e d  i n  a  c o i l  r o t a t i n g  i n  a  u n ifo rm  m ag n e tic  f i e l d ;  and  he makes 
co m p ariso n  b e tw een  th e  m a g n e tic  f i e l d  due to  p e rm an en t m ag n ets  o f  
s t e e l  and  th e  m a g n e tic  f i e l d  due to  f i e l d  m agnets  e x c i t e d  . by  th e  
t h e  c u r r e n t  from  a n  in d e p e n d e n t  s o u r c e .  T h ere  i s  a ld o  a m a th e m a tic ­
a l  a n a l y s i s  o f  th e  c h a n g in g  e le c t r o m o t iv e  f o r c e  when th e  c o i l  p a s s e s  
th ro u g h  d i f f e r e n t  d e g re e s  o f  r o t a t i o n  w ith  r e s p e c t  t o  th e  f i e l d  
m a g n e ts .
F o r th o s e  b e t t e r  a b le  to  u n d e r s ta n d  and  a p p r e c i a t e  v i s u a l  
r e p r e s e n t a t i o n ,  S i lv a n u s  P . Thompson o f f e r s  a  f i n e  s e c t i o n  on th e  
g e o m e tr ic  th e o r y  o f  th e  dynamo, an d  he in t r o d u c e s  c h a r a c t e r i s t i c
lif
c u r v e s .  T hese C h a r a c t e r i s t i c  c u rv e s  o f f e r  g r a p h ic  comment on th e  
p e rfo rm an c e  o f  d i f f e r e n t  ty p e s  o f  dynamos i n  c u r r e n t  u s e ,  co m p arin g
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I n  h i s  s e c t i o n  "The Dynamo a s  a  M o to r” , he g iv e s  an  h i s t o r i c a l  
a c c o u n t  o f  r e s e a r c h  and  a c h ie v e m e n t i n  t h i s  a r e a  w here th e  p o t e n t i a l  
f o r  f u t u r e  d ev e lo p m en t was l i t t l e  a p p r e c i a t e d .  He g iv e s  d e s c r i p t i o n  
o f  th e  v a r io u s  ty p e s  o f  m o to rs  w h ich  h i s  s t u d e n t s  s h o u ld  know a b o u t ,  
an d  q u o te s  ex am p les  o f  t h e i r  u s e s  i n  i n d u s t r y ,  su c h  a s  th e  d r i v i n g  
o f  l a t h e s ,  h ea v y  m a c h in e ry , e l e c t r i c  l i f t s ,  and  e l e c t r i c  f a n s .  As 
i n  th e  c a s e  o f  th e  dynamo, he  g iv e s  th e  th e o ry  o f  th e  e l e c t r i c  m o to r 
an d  th e  m a th e m a tic a l  e x p r e s s io n s  r e l a t e d  to  th e  e f f i c i e n c y  o f  m o to rs ,  
and  on a  t e c h n i c a l  l e v e l ,  h e  t u t o r s  th e  r e a d e r s  i n  th e  e s s e n t i a l  
f e a t u r e s  o f  m a in te n a n c e , c o n t r o l ,  and  t e s t i n g .
The p l e a s a n t ,  e a s y  s t y l e  c a r r i e s  th e  r e a d e r  a l o n g , f e a t u r e  a f t e r  
f e a t u r e  r e t a i n i n g  h i s  i n t e r e s t ,  w i th  a  g ra d u a l  a c c u m u la t io n  o f  f a c t ,  
d e s c r i p t i o n ,  and  t h e o r y ,  b u i l d in g  u p  th e  n e c e s s a r y  k n o w led g e . W ith o u t 
d o u b t S i lv a n u s  P .  Thompson had  a  re m a rk a b le  g i f t  f o r  co m m u n ica tin g  
t e c h n i c a l  m a t e r i a l  i n  a n  a t t r a c t i v e  fo rm  o f  l a n g u a g e .  H is  Dynamo 
E l e c t r i c  M ach in e ry  q u ic k ly  becam e a  c l a s s i c  t e x t ,  was t r a n s l a t e d  i n t o  
many la n g u a g e s ,  an d  r a n  th ro u g h  n in e  e d i t i o n s ,  e a c h  l a r g e r  th a n  th e  
l a s t ,  and e a c h  p ro v id e d  w ith  b e t t e r  an d  f u l l e r  i l l u s t r a t i o n s  w hich  
k e p t  p ace  w i th  th e  a c c e l e r a t i n g  d e v e lo p m e n ts  i n  dynamo e l e c t r i c  
m a c h in e ry .
I n  1885 S i lv a n u s  P .  Thompson was i n v i t e d  t o  become th e  P r i n c i p a l  
o f  th e  F in s b u r y  T e c h n ic a l  C o l le g e  a t  th e  e a r l y  ag e  o f  He was to
h o ld  th e  a p p o in tm e n t f o r  th e  r e s t  o f  h i s  l i f e .  H is  t e a c h in g  o f  
e l e c t r i c i t y  a t t r a c t e d  g r e a t  num bers o f  s t u d e n t s ,  an d  th ro u g h  them  
an d  h i s  te x tb o o k s ,  h i s  e d u c a t io n a l  i n f lu e n c e  was e x c e e d in g ly  g r e a t .  
L a t t e r l y ,  he su c c e e d e d  to  e v e ry  h o n o u r w hich  was op en  to  a n  e l e c t r i c a l  
e d u c a t o r , . in c lu d in g  t h a t  o f  P r e s i d e n t  o f  th e  I n s t i t u t i o n  o f  E l e c t r i c a l  
E n g in e e r s .
magneto and separately-excited machines.
128
By th e  e a r l y  y e a r s  o f  th e  2 0 th  c e n tu r y  th e  m ost e x c i t i n g  
a r e a  o f  r e s e a r c h  and  d ev e lo p m e n t was t h a t  o f  r a d io  t e l e g r a p h y .  
Among th e  a u th o r s  who c a t e r e d  f o r  th o s e  s e e k in g  know ledge i n  t h i s  
f i e l d  was J .  Ambrose F le m in g , th e  in v e n to r  o f  th e  d io d e  v a lv e  
u se d  f o r  d e t e c t i o n  o f  e l e c t r o m a g n e t i c  w av es . As e a r l y  a s  1906 
he had  p ro d u c e d  a  com prebansitfe s tu d y  o f  th e  s u b j e c t  c a l l e d  
P r i n c i p l e s  o f  E le c tr o m a g n e t ic  Wave T e le g ra p h y  an d  T e le p h o n y , 
w hich  he  in te n d e d  f o r  e l e c t r i c a l  e n g in e e r in g  s t u d e n t s  and  
p r a c t i c a l  o p e r a t o r s .  I t  p ro v id e d  one o f  th e  s t a n d a r d  te x tb o o k s  
f o r  th e  i n c r e a s i n g  num ber o f  a m a te u rs  who w ere t a k in g  an  i n t e r e s t  
i n  r a d io  i n  th e  y e a r s  l e a d i n g  up  to  th e  f i r s t  W orld W ar. D u rin g  
th e  war th e  m i l i t a r y  a u t h o r i t i e s  u n d e r s to o d  th e  immense v a lu e  
o f  r e l i a b l e  r a d io  co m m u n ic a tio n s , an d  made p r o v i s io n  f o r  th e  
t r a i n i n g  o f  l a r g e  num bers o f  o p e r a to r s  and t e c h n i c i a n s ,  and  
e n c o u ra g e d  i n t e n s i v e  r e s e a r c h .  I t  was u n d e r  th e s e  c o n d i t io n s  
t h a t  J .  Ambrose F le m in g  r e v i s e d  and  m o d ern ized  h i s  te x tb o o k  
w h ich  was r e i s s u e d  i n  1916 a s  An E le m e n ta ry  M anual o f  R ad io  
T e le g ra p h y  an d  R ad io  T e le p h o n y .
U n f o r tu n a te ly  F le m in g ’s  w r i t i n g  became p r o g r e s s i v e l y  more 
com plex and  m a th e m a t ic a l ly  a b s t r a c t  a s  th e  y e a r s  p a s s e d ,  and  
a s  he g o t  more and  more in v o lv e d  i n  r a d io  r e s e a r c h  an d  commer­
c i a l  d e v e lo p m e n ts • An E le m e n ta ry  M anual o f  R ad io  T e le g ra p h y  
and  R adio  T e lep h o n y  i s  c o n c e rn e d  w i th  much t h a t  was th e n  o f  
c u r r e n t  i n t e r e s t  and  p r e s e n t s  in f o r m a t io n  w h ich  p r a c t i c a l  
s t u d e n t s  r e q u i r e d ,  b u t  i t  i s  p i t c h e d  on  a  l e v e l  a  good d e a l
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h ig h e r  th a n  t h a t  o f  th e  m a jo r i t y  o f  th e  r e a d e r s  f o r  w h ich  i t  was 
in te n d e d .  H ow ever, f o r  th o s e  who c o u ld  cope w ith  th e  t e x t  t h e r e  
w ere a d e q u a te  r e w a rd s .
Amongst th e  new er m a t e r i a l  w h ich  he o f f e r e d  w ere s e c t i o n s  on 
e l e c t r i c a l  o s c i l l a t i o n s ,  b o th  undamped an d  dam ped; th e  n a tu r e  o f  
h ig h  f r e q u e n c y  in d u c ta n c e ;  r e s o n a n c e ;  c o n d e n s e rs  f o r  r a d io  t e l e ­
g ra p h y ; and  c i r c u i t s  f o r  t r a n s m is s io n  and  r e c e p t i o n .  F le m in g  
g iv e s  in f o r m a t io n  on th e  ty p e s  o f  t r a n s f o r m e r s  i n  u s e ,  and  c i r c u i t s  
f o r  s p a r k  d i s c h a r g e s  p ro d u c in g  e le c t r o m a g n e t i c  w av es, i n c lu d in g  
th o s e  o f  h i s  own d e s ig n  an d  th o s e  b y  Wien and  P e u k e r t .  He a l s o  
d e a l s  w ith  th e  n a tu r e  o f  e l e c t r o m a g n e t i c  w aves, g iv in g  a  s k e tc h  
o fM ax w ell’s  th e o r y  an d  a n  a c c o u n t  o f  th e  p r a c t i c a l  a p p l i c a t i o n s  
o f  r a d io  waves u s in g  c o n te m p o ra ry  e q u ip m e n t, i n c lu d in g  h i s  
th e rm io n ic  d io d e  v a lv e s .
The r e a l  d i f f i c u l t y  i s  t h a t  w hat F lem in g  r e g a r d s  a s  an  
" e le m e n ta ry ” m a th e m a tic a l  e x p o s i t i o n  o f  t h e o r e t i c a l  m a t t e r s  i s  o fe n  
s o m e th in g  o f  ex trem e  d i f f i c u l t y  t o  b e g in n e r s ,  and  a p p a r e n t ly  n e i t h ­
e r  he n o r  h i s  e d i t o r s  a p p r e c i a t e d  th e  g r e a t  g u l f  t h a t  e x i s t e d  b e tw een  
a u th o r  and  th e  b u lk  o f  th e  e x p e c te d  r e a d e r s .  O nly  th e  m ost d e t e r ­
m ined e le m e n ta ry  s t u d e n t s  and  p r a c t i c a l  o p e r a to r s  w ould  c o n t in u e  
w ith  th e  book a f t e r  su c h  a n  exam ple a s  h i s  i n t r o d u c t i o n  to  a e r i a l  
w i r e s ,  on page 2 7 , w here he t e l l s  how to  c a l c u l a t e  th e  c a p a c i ty  o f  
a  w ir e ,  m e n tio n in g  t h a t :  "The w hole p o t e n t i a l  V o f  th e  w ire  i s  
g iv e n  by
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H ence, i f  th e  l e n g t h  o f  th e  w ire  i s  l a r g e  com pared  w i th
i t s  d ia m e te r ,  i t s  c a p a c i t y  p r e s e n t  i s  g iv e n  by
C + i _________
2 l o g  _i 
r
u s in g  o r d in a r y  le g a r i th m s  an d  m ic r o f a r a d s ,  t h i s  becom es
i
C = _________________________________
i f .6052 x  900000 x  Log10 2 i / d
I n  c o n t r a s t  t o  th e  e m p h a tic  m a th e m a tic a l  a p p ro a c h  u s e d  by 
F le m in g , t h e r e  w^s a n o th e r  te x tb o o k  a v a i l a b l e  t o  th e  v o c a t io n a l  
s t u d e n t  i n  H .E . P e n r o s e 's  M agnetism  and  E l e c t r i c i t y  f o r  Home S tu d y  
(1 9 1 8 ) ,  w h ich  s e e k s  t o  m in im ize  th e  u s e  o f  m a th e m a tic s  and  d ep en d s  
m ore upon  e s t a b l i s h i n g  v i s u a l  i d e n t i f i c a t i o n s  o f  s p e c i f i c  f u n c t io n s  
o f  com ponents and  c i r c u i t  a r r a n g e m e n ts .  The a u th o r  was a n  e x p e r ie n ­
ced  i n s t r u c t o r  a t  th e  M arco n i M arine  C om m unications Company, who 
d u r in g  th e  f i r s t  W orld War was r e s p o n s ib l e  f o r  t r a i n i n g  R oyal Navy 
an d  R o y al F ly in g  C orps p e r s o n n e l  i n  r a d io  t e l e g r a p h y .  B ecau se  i t  
i s  a  t e x t  in te n d e d  f o r  s e l f - s t u d y  w i th o u t  s u p e r v i s i o n ,  th e  a u th o r  
h a s  gone f a r  t o  rem ove a n t i c i p a t e d  d i f f i c u l t i e s .  P e rh a p s  e x p e c t in g  
c r i t i c i s m  from  acad em ic  r e v ie w e r s ,  he j u s t i f i e s  h i s  a p p ro a c h  i n  th e  
p r e f a c e :
" I n  d e p a r t i n g  from  th e  o r th a d o x  m ethods a d o p te d  i n  s t a n d a r d
te x tb o o k s ,  th e  a u th o r  i n  no w ise  w ish e s  t o  d e s p i s e  th o s e  
m e th o d s; in d e e d ,  th e  u l t im a t e  o b j e c t  i s  t o  en c o u ra g e  th e  
l a r g e  body o f  s t u d e n t s  who n eed  a  s t im u la t e d  e n th u s ia s m  
to  overcom e a  g e n u in e  d i s l i k e  o f  m a th e m a tic a l  r e a s o n in g  
• *• i f  & s e v e re  demand h a s  b ee n  mde upon th e  " e l e c t r o n  
th e o r y " ,  i t  m ust be rem em bered t h a t  th e s e  l e s s o n s  a r e
But the whole charge on the wire s* Q-2^Pri and Q=CV
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in te n d e d  t o  p r e s e n t  f a c t s  v i v i d l y  to  a i d  th e  n o n -m a th e m a tic a l
m ind i n  f o l lo w in g  th e  t r u t h s  e x p re s s e d  i n  s t a n d a r d  w o rk s ."
The t e x t  c o v e rs  a l l  t h e  fu n d a m e n ta l p r i n c i p l e s  w h ich  th e  
s tu d e n t s  and  t e c h n i c i a n s  w ould be e x p e c te d  to  u n d e r s ta n d ,  b u t  a  
s p e c i a l  f e a t u r e  o f  th e  t e x t  i s  t h a t  num erous a i d s  f o r  th e  v o c a t io n ­
a l  s t u d e n t  h av e  b ee n  in t r o d u c e d  w h ich  o th e r  a u th o r s  d id  n o t  c o n s id e r  
n e c e s s a r y .  Im p o r ta n t  nam es an d  c o n c e p ts ,  law s an d  fo rm u la e , a r e  
w r i t t e n  f i r s t  i n  b o ld  ty p e  ( n o t  i t a l i c s  -  w hich  a r e  s c a r c e l y  n o t i c ­
ed by  many s t u d e n t s ) .  T h e re  a r e  many a n a lo g ie s  w i th  m e c h a n ic s , 
h y d r a u l i c s ,  and  phenom ena draw n from  p r a c t i c a l  e x p e r ie n c e .  C h a p te r  
h e a d in g s  a r e  i n  th e  form  o f  th e  p r i n c i p a l  s u b j e c t  m a t t e r  t o  be 
t r e a t e d ,  an d  th e  e x p e r im e n ta l  a p p a r a tu s  to  be u s e d ;  t h e r e  a r e  
sum m aries o f  s e c t i o n s  o f  th e  t e x t ,  and  f r e q u e n t  re v ie w s  o f  th e  
p r i n c i p l e s  a l r e a d y  p ro p o u n d ed ; a n d , t h e r e  a r e  many e x p la n a t io n s  
o f f e r e d  i n  te rm s  o f  e l e c t r o n  a c t i v i t y ,  v i s u a l i z e d  i n  a  s im p le  
m anner f o r  th e  s t u d e n t 1s  e a s e  o f  u n d e r s ta n d in g  e l e c t r i c a l  p r i n c i p l e s .  
A lth o u g h  p r o g r e s s io n  i s  ©.¡adual, th e  am ount o f  m a t e r i a l  c o v e re d  i n  
315 p ag e s  i s  c o n s id e r a b l e ,  and  much u p - t o - d a t e  e a r l y  2 0 th  c e n tu r y  
e l e c t r i c a l  know ledge i s  g iv e n .  The a u th o r  ack n o w led g es  t h a t  some 
o f  h i s  d e s c r i p t i o n s  a r e  s i m p l i f i c a t i o n s ,  b u t  th e  p u rp o s e  i s :  "To 
e n a b le  th e  s tu d e n t  t o  form  m e n ta l  im ages o f  th e  v a r io u s  h a p p e n in g s  
i n  an d  a ro u n d  th e  e l e c t r i c a l  c i r c u i t . "
P e n r o s e 's  M agnetism  and  E l e c t r i c i t y  f o r  Home S tu d y  i s  a  t e x t  
o f  c o n s id e r a b le  m e r i t ,  a t t r a c t i v e  and  u s e f u l  to  th e  s t u d e n t ,  and 
i n  e v e ry  r e s p e c t  f u l f i l l i n g  th e  b e s t  i n t e n t i o n s  o f  th e  a u t h o r .
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An i n t e r e s t i n g  te x tb o o k  f o r  f i r s t  y e a r  u n i v e r s i t y  s tu d e n t s  
was th e  1910 t e x t  w r i t t e n  b y  s e v e n  A m erican  c o l l e g e  p r o f e s s o r s  
u n d e r  th e  t i t l e  o f  A T ex tb o o k  o f  P h y s ic s « e d i t e d  b y  A. W ilm er D u f f .
I t  c o n ta in s  a d m ira b le  c h a p te r s  on e l e c t r i c i t y  and  m agnetism  by  
A r th u r  W. G oodspeed , P r o f e s s o r  o f  P h y s ic s ,  U n i v e r s i t y  o f  P en n - 
s y lv a n n ia ,  an d  on e l e c t r o m a g n e t i c  i n d u c t io n  b y  A lb e r t  B . C arm an, 
P r o f e s s o r  o f  P h y s ic s ,  U n i v e r s i t y  o f  I l l i n o i s .  B o th  p ro v id e  c o n c is e ,  
c l e a r  e x p o s i t i o n s  w hich  b r i n g  t o g e t h e r  a  g r e a t  d e a l  o f  c o n te m p o ra ry  
k n o w led g e , w e l l - o r g a n iz e d  w i th in  a  com pact s p a c e ,  and  i l l u s t r a t e d  
by  w e ll - c h o s e n  d ra w in g s  c o n v e n ie n t ly  l o c a t e d  a t  e x a c t l y  th e  r i g h t  
p o r t i o n  o f  t e x t .  T h e re  i s  more h i s t o r i c a l  in f o r m a t io n  th a n  u s u a l  
i n  su c h  a  te x tb o o k  and  i t  i s  p r e s e n te d  i n  a  m anner i n t e r e s t i n g  to  
th e  s t u d e n t .  Many o f  th e  e x p la n a t io n s  a r e  o f f e r e d  i n  th e  form  o f  
a n a lo g ie s  to  o t h e r  a r e a s  o f  P h y s ic s  in c lu d in g  h y d r o s t a t i c s ,  and  
h e a t .  The s e c t i o n  on e l e c t r o s t a t i c s  a n t i c i p a t e s  many o f  th e  
p ro b lem s w h ich  th e  s t u d e n t s  f i n d  i n  u n d e r s ta n d in g  th e  n a tu r e  o f  
c h a rg e  and  th e  r e l a t i o n s h i p s  o f  c a p a c i t y  and  v o l t a g e .  T h ere  i s  an  
e a s i l y  u n d e r s to o d  s e c t i o n  on th e  f u n c t io n  o f  th e  d i e l e c t r i c  and  
th e  b a s i c  p r i n c i p l e s  a r e  r e l a t e d  to  p r a c t i c a l  c o n d e n s e r s ,  b o th  by  
h i s t o r i c a l  a c c o u n t  o f  th e  fu n d a m e n ta ls  d i s c o v e r e d  b y  p io n e e r in g  
r e s e a r c h e r s  and  th e  p u rp o s e s  t o  w h ich  th e s e  t h e o r e t i c a l  p r i n c i p l e s  
h av e  b e e n  a p p l i e d  i n  m odern m a c h in e ry  and  in s t r u m e n t s .  P a r t i c u l a r l y  
c l e a r  d ra w in g s  and  d ia g ra m s  a r e  u se d  to  i l l u s t r a t e  th e  comments on 
e x p e r im e n ts ,  and  t h e r e  i s  g u id a n c e  g iv e n  in  u s in g  m e a su r in g  e q u ip m e n t.
The c h a p te r  on i n d u c t io n  i s  e q u a l ly  com m endable. Numerous l i n e  
d ra w in g s  c l a r i f y  th e  c o n c e p ts  o f  m a g n e tic  f i e l d s ,  an d  th e  c u r r e n t s
3.20
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i n  t r a n s f o r m e r s  ( a  f r e q u e n t  a r e a  o f  m is u n d e r s ta n d in g s  among s t u d e n t s ) ;  
an d  th e  e le c t r o m e c h a n ic a l  c o n d i t i o n s  g o v e rn in g  g e n e r a to r s  and  m o to rs .  
An added  a t t r a c t i o n  f o r  th e  s t u d e n t  i d  th e  way i n  w h ich  th e  a u th o r  
h a s  draw n him  i n t o  th e  c i r c u m s ta n c e s  o f  h i s t o r i c a l  r e s e a r c h ,  a s  when 
s e l f - i n d u c t i o n  i s  fo l lo w e d  th ro u g h  th e  e x p e r im e n ts  o f  F a ra d a y ,  and  
on to  H e lm h o ltz  w i th  h i s  1851 d e d u c t io n  o f  th e  e q u a t io n
sh o w in g  th e  law  o f  th e  g ro w th  o f  c u r r e n t s  i n  i n d u c t iv e  c i r c u i t s .  
T h e re  a r e  a l s o  num erous e x p e r im e n ts  r e l a t e d  w h ich  c o u ld  be r e p e a te d  
i n  th e  l a b o r a t o r y ,  u s in g  th e  W h ea ts to n e  B rid g e  and  fo l lo w in g  a  s im ­
p l i f i e d  a c c o u n t  o f  M a x w e ll 's  own p r o c e d u r e s .  The a d v a n ta g e s  o f  A .C . 
a s  o p p o sed  to  D .C . i s  e x p la in e d ,  p a r t i c u l a r l y  w ith  r e f e r e n c e  to  th e  
s u b j e c t  o f  pow er t r a n s m is s io n ,  and  th e  e f f e c t s  o f  in d u c ta n c e  i n  A .C . 
c i r c u i t s  i s  e x p lo re d  th ro u g h  th e  u s e  o f  g ra p h s  w h ich  d e m o n s tra te  
th e  l a g  o f  th e  c u r r e n t .
The s e c t i o n  on e l e c t r o m a g n e t i c  w aves i s  in t r o d u c e d  th ro u g h  a  
c l e a r  a c c o u n t o f  o s c i l l a t i o n  i n  a  LC c i r c u i t ,  A g a in , th e  h i s t o r i c a l
b ack g ro u n d  i s  a p p l i e d  to  e n l iv e n  th e  s tu d y  o f  b a s i c  p r i n c i p l e s .
The r e s e a r c h e s  o f  H enry  an d  W illia m  Thomson, and  F e d d e rs e n  a r e  
g iv e n ,  acco m p an ied  b y  i n t e r e s t i n g  p h o to g ra p h s  sh ow ing  o s c i l l a t o r y  
d i s c h a r g e s .  T h e r e a f t e r  H e r t z ' i n v e s t i g a t i o n s  a r e  d e s c r ib e d  an d  an  
a c c o u n t  g iv e n  o f  th e  th e n  c o n te m p o ra ry  and  e x c i t i n g  t r a n s m is s io n
and d e t e c t i o n  o f  " e l e c t r i c  w a v e s ."
Among th e  f i r s t  y e a r  c o l l e g e  t e x t s  i n  P h y s ic s ,  t h i s  i s  a  w ork 
o f  o u t s t a n d in g  q u a l i t y  i n  te rm s  o f  c o n te n t  and  p r e s e n t a t i o n .  I t  
was e x t e n s i v e ly  u se d  and  was r e v i s e d  i n  a  se c o n d  e d i t i o n .
13^
W.H. T im b ie 's  "E lem en ts  o f  E l e c t r i c i t y  f o r  T e c h n ic a l  S tu d e n t s ”
A te x tb o o k  w h ich  by  i t s  v a r io u s  e d i t i o n s  d e e p ly  in f lu e n c e d
s t u d e n t s  o v e r  more th a n  50 y e a r s  was W.H. T irab ie* s E lem en ts  o f
E l e c t r i c i t y  f o r  T e c h n ic a l  S tu d e n t s .  F i r s t  p u b l is h e d  i n  1911 ,
when th e  a u th o r  was a  young i n s t r u c t o r  a t  th e  P r a t t  I n s t i t u t e ,
B ro o k ly n , New Y ork , s u b s e q u e n t  r e p r i n t s  and  r e v i s i o n s  w ere
p ro d u c ed  th ro u g h o u t  th e  y e a r s  when th e  a u th o r  was a  v e n e ra te d
P r o f e s s o r  o f  E l e c t r i c a l  E n g in e e r in g  a t  M a s s a c h u s s e ts  I n s t i t u t e  
15o f  T ec h n o lo g y .
To q u o te  th e  a u th o r * s  p r e f a c e :
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"The te x tb o o k  i s  d e s ig n e d  p r i m a r i l y  to  m eet th e  n e e d s  o f  
young men who d e s i r e  a n  o c c u p a t io n  c o n n e c te d  w i th  th e  
e l e c t r i c a l  o r  a l l i e d  i n d u s t r i e s .  Such young men n eed  
a  th o ro u g h  g ro u n d in g  i n  th e  fu n d a m e n ta l p r i n c i p l e s  o f  
e l e c t r i c a l  th e o r y  an d  m easu rem en t. They u s u a l l y  h av e  
n e i t h e r  th e  tim e  n o r  th e  p re v io u s  p r e p a r a t i o n  f o r  
a c q u i r i n g  t h i s  know ledge th ro u g h  ad v an ced  o r  m a th e m a tic a l  
t r e a t i s e s .  They n eed  t h e i r  in f o r m a t io n  i n  a  d i r e c t l y  
u s a b le  fo rm . A f t e r  a c q u i r i n g  th e  w ords o f  a  la w , th e y  
need  above  a l l  t o  know w hat th e  law  m eans i n  a  p r a c t i c a l  
s e n s e .  Thus th e y  n eed  e x te n d e d  d r i l l  i n  a p p ly in g  th e  
same u n d e r ly in g  p r i n c i p l e  t o  th e  many d i v e r s i f i e d  
p ro b lem s o f  th e  e l e c t r i c a l  i n d u s t r y . "
T h ro u g h o u t th e  t e x t  T im bie fo l lo w s  an  a r ra n g e m e n t w hereby  
he f i r s t  o f f e r s  a  b r i e f  d e f i n i t i o n  o r  d i s c u s s io n  o f  h i s  s u b j e c t ,  
fo llo w e d  im m e d ia te ly  by  a  num ber o f  s im p le  p ro b lem s in te n d e d  to  
a l lo w  th e  s t u d e n t  to  "make th e  s e n s e  o f  th e  m a t te r  h i s  own, i n  
h i s  own la n g u a g e  an d  m anner o f  th o u g h t  . . .  and  to  c u l t i v a t e  
i n  him  gome d e g re e  o f  a l t e r t n e s s  an d  i n i t i a t i v e  i n  a p p ly in g  h i s  
k n o w le d g e .11
A t th e  c lo s e  o f  e a c h  c h a p te r  t h e r e  i s  a  num ber o f  more ad v a n ­
ced  p ro b lem s i n  w h ich  th e  a u th o r  i s  a t  p a in s  t o  a p p ly  th e  in f o r m a t io n
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c o n ta in e d  i n  th e  t e x t  t o  r e a l  s i t u a t i o n s ,  r a t h e r  th a n  a b s t r a c t  
t h e o r y .  A l a r g e  num ber o f  d iag ra m s  o f  u n u s u a l  c l a r i t y  p ro v id e  
an  e x a c t  an d  m em orable v i s u a l i z a t i o n  o f  th e  c o n d i t i o n s  o f  th e  
p ro b le m s . The a u th o r  d e l i b e r a t e l y  a v o id s  o v e rb u rd e n in g  th e  
s tu d e n t  i n  th e  e a r l y  s t a g e s ,  p r o v id in g  o n ly  th e  f a c t s  an d  p r i n ­
c i p l e s  w hich  he f e l t  t h e  t e c h n i c a l  s t u d e n t  n eed ed  to  know, and  
know w e l l .  The c o re  m a t e r i a l  i s  p r i m a r i l y  c o n c e rn e d  w ith  th e  
p r i n c i p l e s  o f  D .C . and  A .C . g e n e r a t i o n ,  d i s t r i b u t i o n ,  an d  th e  
u t i l i z a t i o n  i n  l i g h t  an d  p o w er. W hile  th e  te x tb o o k  was i n t e n ­
ded  e x p e c i a l l y  f o r  t e c h n i c a l  s t u d e n t s ,  and  dem anded o f  th e  
r e a d e r  o n ly  a  know ledge o f  a r i t h m e t i c  an d  s im p le  a l g e b r a ,  p ro ­
g r e s s io n  th ro u g h  th e  t e x t  d id  a f f o r d  a  s u b s t a n t i a l  g roundw ork  
f o r  more ad v a n ced  w ork i n  e l e c t r i c a l  th e o r y  and  p r a c t i c e ,  su c h  
a s  m ig h t be m et w ith  a t  u n i v e r s i t y  l e v e l .
F o llo w in g  a  s o l i d  c h a p te r  on m agnetism  and  e q u a t io n s  r e l ­
a t i n g  to  m a g n e tic  f o r c e s ,  he  o f f e r s  a  v e ry  w e l l  i l l u s t r a t e d  a c c o u n t  
o f  e le c tro m a g n e t is m , a p p ly in g  th e  th e o r y  to  p r a c t i c a l  m o to rs ,  and 
g e n e r a t o r s ,  and  t h e i r  u s e s  i n  su c h  a p p l i c a t i o n s  a s  h o i s t s ,  an d  th e  
d i s t r i b u t i o n  o f  e n e rg y .  I n t e r e s t i n g  i n d i v id u a l  c h a p te r s  on th e  
g e n e r a to r  and  th e  m o to r p ro v id e  f u r t h e r  th e o ry  and  a p p l i c a t i o n s  
t o  p a r t i c u l a r  c o n d i t io n s  w hich  th e  s tu d e n t  w i l l  m eet i n  p r a c t i c e ,  
a s  o p posed  to  th e  i d e a l i z e d  t h e o r e t i c a l  c o n d i t i o n s ,  d ra w in g  h i s  
a t t e n t i o n  to  f a c t o r s  w h ich  w ould c o n t r i b u t e  t o  d im in is h e d  e f f i c i e n ­
c y .  He d e t a i l s  th e  a c t i o n  w i th in  th e  a rm a tu re  and  th e  m a g n e t iz a t io n  
o f  th e  c o r e ,  and  th e  l o s s e s  in v o lv e d  i n  g e n e r a t io n  an d  eddy  c u r r e n t  
l o s s e s .
I n  th e  c h a p te r  d e a l i n g  w ith  i n d u c t io n  T im bie  p r o g r e s s i v e l y  
b u i l d s  on th e  fu n d a m e n ta l p r i n c i p l e s ;  d e a ls  w ith  L e n z ’s  la w , and  
ex am in es t r a n s f o r m e r s ,  an d  th e  in d u c t iv e  p r o p e r t i e s  o f  c i r c u i t s
136
an d  e x p la in s  th e  c a l c u l a t i o n s  u s e d  i n  th e  c o m p u ta tio n  o f  in d u c ta n c e .  
Then he g iv e s  a  c l e a r  a c c o u n t  o f  th e  e f f e c t s  o f  in d u c ta n c e  i n  p r a c t i c ­
a l  c i r c u i t s  em ployed  i n  t r a n s m is s io n  l i n e s  and  o s c i l l a t i n g  c i r c u i t s .
An e q u a l ly  i n t e r e s t i n g  c h a p te r  on c a p a c i ta n c e  p ro v id e s  th e  b ack g ro u n d  
h i s t o r y ,  th e  m e c h a n ic a l n a t u r e ,  an d  th e  a p p l i c a t i o n s  o f  c a p a c i t o r s ,  
and  a c q u a in t s  th e  s t u d e n t  w ith  d i e l e c t r i c  s t r e n g t h ,  an d  p ro v id e s  th e  
means o f  e s t i m a t i n g  c a p a c i t y  and  i t s  m easu rem en t by  in s t r u m e n t s .  To 
m a in ta in  p r a c t i c a l  i n t e r e s t ,  t h e  a u th o r  show num erous a p p l i c a t i o n s  
o f  th e o ry  to  p r a c t i c e ,  p a r t i c u l a r l y  i n  th e  a r e a s  o f  su b m a rin e  c a b le s ;  
c a b le s  l a i d  i n  m e ta l  s h e a v e s  w h ich  r e l a t e d  im p o r t a n t ly  t o  t e l e g r a p h y  
an d  te le p h o n y  a t  th e  t im e  o f  p u b l i c a t i o n ;  and th e  c a p a c i t y  o f  a e r i a l  
l i n e s ,  and  th e  p r a c t i c a l  t e s t s  a p p l i e d  t o  them ; and  th e  u s e s  o f  co n ­
d e n s e r s  t o  a b s o rb  e n e rg y  i n  th e  s t a r t i n g  and  s to p p in g  o f  h ea v y  m o to rs .  
A l l  h i s  p ro b lem s and  m a th e m a tic a l  s o l u t i o n s  a r e  c l e a r  an d  th o ro u g h ly  
r e l e v a n t  to  th e  t e x t .  The sum m aries a t  th e  end  o f  e a c h  c h a p te r  a r e  
p a r t i c u l a r l y  good w i th  s h o r t  p a r a g ra p h s  e m p h a s iz in g  th e  m ost im p o r t­
a n t  p o i n t s ,  u s in g  l a r g e  c a p i t a l s  to  h i g h l i g h t  v i t a l  m a t t e r s .
l 6The q u a l i t y  o f  th e  t e x t  was q u ic k ly  a p p r e c i a t e d .  The p u b l i s h ­
e r s  w ere d e l i g h t e d  to  b o a s t  t h a t  s a l e s  ex ceed ed  th o s e  o f  an y  o th e r  
co m p arab le  w o rk . E ach new e d i t i o n  was k e p t  a b r e a s t  o f  th e  t im e s ,  
d e s c r i b in g  and  i l l u s t r a t i n g  ea c h  ad v a n ce  i n  e l e c t r i c a l  te c h n o lo g y .
W. H. T im b ie 's  E lem en ts  o f  E l e c t r i c i t y  f o r  T e c h n ic a l  S tu d e n ts  
i s  a n  a d m ira b le  i n t r o d u c t i o n  to  th e  s u b j e c t  o f  e l e c t r i c a l  e n g in e e r ­
in g  and  m ust be r e g a rd e d  a s  one o f  th e  c l a s s i c  t e x t s  i n  th e  h i s t o r y  
o f  e l e c t r i c a l  e d u c a t io n .
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The l a t e  1 9 th  an d  e a r l y  2 0 th  c e n tu r y  r e s e a r c h e s  upon  th e  
t r a n s m is s io n  and  d e t e c t i o n  o f  r a d io  w aves w ere p u t  t o  p r a c t i c a l  
a p p l i c a t i o n s  w ith  re m a rk a b le  s p e e d .  An aw aren e ss  o f  th e  g r e a t  
p o t e n t i a l  o f  t h i s  new form  o f  co m m u n ica tio n  s p u r r e d  on some o f  
th e  m ost b r i l l i a i t  m inds i n  A m erica , E u ro p e , and  B r i t a i n  to  
d e s ig n  eq u ip m en t w h ich  was n o t  s u b j e c t  t o  th e  l i m i t a t i o n s  o f  
l i n e  t e l e g r a p h y .  I n  1892 E dourd  B ra n le y  in v e n te d  h i s  m e ta l -  
f i l i n g  d e t e c t o r .  T h ree  y e a r s  l a t e r  G u g lie lm o  M arcon i d e m o n s t r a t ­
ed  h i s  p r a c t i c a l  r a d io  t r a n s m is s io n  w i th  an  o s c i l l a t o r y  s p a r k  
d i s c h a r g e r ,  an d  r e c e p t i o n  w ith  a  s im p le  r a i s e d  a e r i a l .  I n  1900 
M arcon i p a te n te d  h i s  i n v e n t io n  o f  th e  tu n e d  c i r c u i t  o f  c a p a c i t o r
and  in d u c t o r .  I n  190*f J .  Ambrose F le m in g , fo l lo w in g  th e  d i s c o v e r y
17o f  th e  " E d iso n  E f f e c t "  in v e n te d  th e  d io d e  th e rm io n ic  v a lv e  f o r  
d e t e c t i o n ,  w h ich  was i n  t u r n  im p ro v ed  by  Lee F o r e s t  i n  1 9 0 6 , who 
ad d ed  a  t h i r d  e l e c t r o d e  an d  th e r e b y  p ro d u c ed  th e  t r i o d e  v a lv e ,  w h ich  
p ro v id e d  th e  f i r s t  r e l i a b l e  m eans o f  a m p l i f i c a t i o n  o f  a n  e l e c t r i c a l  
s i g n a l .  The many r e q u ir e m e n ts  o f  th e  F i r s t  W orld War a c c e l e r a t e d  
f u r t h e r  t e c h n i c a l  p r o g r e s s  an d  in t r o d u c e d  th o u s a n d s  o f  p e o p le  t o  a  
new a r e a  o f  i n t e r e s t  th ro u g h  t e c h n i c a l  t - s a in in g .  F o r  many th e  
in v o lv e m e n t i n  w a r- t im e  co m m u n ica tio n s  was c a r r i e d  fo rw a rd  i n t o  a  
p e a c e tim e  hobby -  a  hobby w h ich  was p u rsu e d  w ith  g r e a t  e n th u s ia s m .
Y ears  b e f o r e  th e  o f f i c i a l  s t a r t  o f  b r o a d c a s t in g  b y  r e g u la r  
s t a t i o n s  i n  A m erica  ( 1920) and  th e  B r i t i s h  B ro a d c a s t in g  Company i n  
E n g lan d  (1 9 2 2 ) ,  t h e r e  was i n t e n s e  a c t i v i t y  by p r i v a t e  c o n s t r u c to r s  
o f  r a d io  e q u ip m e n t, en c o m p a ss in g  th e  w hole ra n g e  o f  s k i l l s  from  
th o s e  who b u i l t  th e  s im p le s t  c r y s t a l - s e t s  to  th e  o p e r a to r s  o f
3.22
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p o w e rfu l lo n g - r a n g e  t r a n s m i t t e r s .  The c irc u m s ta n c e  o f  num erous 
p e r s o n s  w ith  know ledge an d  e x p e r ie n c e  e x i s t e d  t o  s u p p o r t  a  r a d io
l/!
m a n u fa c tu r in g  i n d u s t r y ,  and  an  e x p e r t0s e  to  r u n  b r o a d c a s t in g  
s e r v i c e s  when th e s e  w ere  e s t a b l i s h e d .
The BBC program m es a r o u s e d  s u c h  u n p re c e d e n te d  e n th u s ia s m , 
t h a t  b y  th e  end  o f  th e  f i r s t  f u l l  y e a r  o f  b r o a d c a s t in g  4 9 2 ,0 0 0  
r e c e i v i n g  l i c e n c e s  h ad  b ee n  i s s u e d .  Among th e s e  was a  v e ry  
c o n s id e r a b le  p r o p o r t i o n  o f  a m a te u r  p r a c t i c a l  c o n s t r u c to r s  o f  
r a d io  r e c e i v i n g  e q u ip m e n t, an d  t o  c a t e r  f o r  them  s p e c i a l i z e d  
e d u c a t io n a l  p u b l i c a t i o n s  q u ic k ly  becam e a v a i l a b l e .  One o f  th e  
m ost a m b i t io u s ,  e d u c a t i o n a l ly  so u n d , and  i n f l u e n t i a l  p r o j e c t s  
was th e  p r e p a r a t i o n  o f  H a rm sw o rth 's  W ire le s s  E n c y c lo p e d ia , 
w h ich  was i s s u e d  from  1923 i n  24 m o n th ly  p a r t s .  T h is  was d e s ig n e d  
t o  be  r e a d  and  s t u d i e d ,  r a t h e r  th a n  u s e d  a s  a  s o u rc e  o f  r e f e r e n c e  
o n ly .  U nder th e  c o n s u l t a t i v e  e d i t o r s h i p  o f  S i r  O l iv e r  L odge, a  
g a la x y  o f  o u t s t a n d in g  a u t h o r i t i e s  p ro v id e d  s p e c i a l  a r t i c l e s  and  
e x te n d e d  e s s a y s  on s u b j e c t s  o f  im p o rta n c e  to  r a d io  a m a te u r s .
Among th e  c o n t r i b u t o r s  w ere J .  Ambrose F le m in g , S i r  Edward A p p le to n ,
B .P . E c k e r s le y  ( t h e  c h i e f  BBC e n g i n e e r ) ,  and J .H .T .  R o b e r t s ,  o f  th e  
C av e n d ish  L a b o r a to ry ,  C am b rid g e . The s u b j e c t s  exam ined  r e p r e s e n t  
v i r t u a l l y  th e  w hole ra n g e  o f  e l e c t r i c a l  know ledge a v a i l a b l e  a t  th e  
t im e ,  co m p ressed  i n t o  2,271 p a g e s  w i th  th e  a d d i t i o n  o f  5»000 
i l l u s t r a t i o n s .
3 .2 3
H a rm sw o rth 's  " W ire le s s  E n c y c lo p e d ia ”
A f e a t u r e  o f  th e  W ire le s s  E n c y c lo p e d ia  o f  g r e a t e s t  im p o rta n c e  
i s  a  s e r i e s  o f  e x te n d e d  e s s a y s ,  b y  th e  d i s t i n g u i s h e d  w r i t e r s  concern - 
ed  w ith  fu n d a m e n ta l p r i n c i p l e s .  J .  Ambrose F lem in g  w r i t e s  on
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" W ire le s s  T h eo ry  f o r  A m ateu rs"  i n  w h ich  he g iv e s  a  c o n c is e  and  
h e l p f u l  i n t r o d u c t i o n  to  th e  f u n c t io n s  o f  th e  c a p a c i t o r  an d  in d u c t o r ,  
sh ow ing  how t h e i r  r e l a t i o n s h i p s  a r e  fu n d a m e n ta l to  th e  meains o f  
t r a n s m is s io n  and  r e c e p t i o n ,  and  e x p la in in g  how a  c i r c u i t  r e q u i r e s  
to  be tu n e d ,  a d j u s t i n g  th e  v a lu e s  o f  c a p a c i ty  an d  in d u c ta n c e  to  
o b t a in  a  p a r t i c u l a r  n a t u r a l  f r e q u e n c y  o f  o s c i l l a t i o n  f o r  t r a n s ­
m is s io n ;  an d  how th e  a e r i a l  s i m i l a r l y  r e q u i r e s  to  be tu n e d  to  th e  
same f r e q u e n c y .  W ith  u n u s u a l  c l a r i t y  he e x p la in s  t h e  n a tu r e  o f  
h ig h  f r e q u e n c y  o s c i l l a t i o n s  w h ich  form  th e  c a r r i e r  w av es, and  how 
th e  so u n d  r e q u i r e d  to  be b r o a d c a s t  i s  a p p l i e d  t o  m o d ify  th e  
a m p li tu d e  o f  th e  c a r r i e r  w av es; and  f i n a l l y  how th e  r e c e i v i n g  
c i r c u i t  i s  e n e rg iz e d  and  a b le  t o  decode  th e  o r i g i n a l  s t u d i o  so u n d .
A co m p arab le  e x te n d e d  e s s a y  b y  J .H .  T . R o b e r ts  on " E l e c t r i c i t y :  
c h a r a c t e r i s t i c s  an d  modes o f  a c t i o n "  d i s c u s s e s  e l e c t r o n  th e o r y ,  
e l e c t r i c a l  f i e l d s ,  and  th e  n a tu r e  o f  e l e c t r i c  c h a rg e  and  p o t e n t i a l .  
The w r i t i n g  em p h as iz e s  th e  f u n c t io n s  o f  th e  c a p a c i t o r  an d  i n d u c t o r ,  
u s in g  c l e v e r  p h o to g ra p h s  t o  show e x p e r im e n ts  s u c h  a s  th e  m a g n e tic  
e f f e c t s  o f  c u r r e n t - c a r r y i n g  c o i l s ,  an d  a n n o ta te d  d ra w in g s  to  e x p la in  
th e  p r i n c i p l e s  o f  th e  O s c i l l a t o r y  d i s c h a r g e  o f  a  c a p a c i t o r ;  and  th e  
p r i n c i p l e s  o f  m e a su r in g  in s t r u m e n t s .
S i r  O l iv e r  Lodge w r i t e s  on th e  m ean ing  o f  e l e c t r o s t a t i c  c a p a c i ty  
an d  i t s  n e c e s s a r y  a s s o c i a t i o n s  w i th  r a d io  w ork . He e x p la in s  th e  
e s s e n t i a l  r e l a t i o n s h i p s  o f  in d u c ta n c e  and  c a p a c i ty  i n  a e r i a l s ,  and  
show s how t o  c a l c u l a t e  th e  c a p a c i t y  o f  d i f f e r e n t  t y p e s ,  i n c lu d in g  
s i n g l e - w i r e  a e r i a l s ,  a s  u se d  by  M arco n i i n  h i s  e a r l y  e x p e r im e n ts ,  
when h e  su sp e n d e d  a  v e r t i c a l  w ire  from  a  h ig h  p o s t  -  i n  e f f e c t ,  a  
c o n d e n s e r  w i th  th e  w ire  fo rm in g  one p l a t e  and  th e  e a r t h  fo rm in g  th e  
o t h e r ,  w i th  a i r  a s  th e  d i e l e c t r i c .  He a l s o  com m ents, e x p l a i n s ,  and  
c a l c u l a t e s  a p p r o p r i a t e l y  f o r  p a r a l l e l  w i r e s ,  and  fram e a e r i a l s .
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D raw ings from  H a rm sw o rth 's  W ire le s s  E n c y c lo p e d ia : 
acco m p an y in g  J .H .T .  R o b e r t s ’ a r t i c l e ,  " E l e c t r i c i t y ”
E le c tric  lines
7* v * ÎS -irrm m n  e rm ina /
VfifSCv: - . Time Zero: Current Zero /  (Charge maximum)
S I M P L I F I E D  I L L U S T R A T I O N S  O F  O S C I L L A T O R Y  D I S C H A R G E  O F  A  C O N D E N S E R
Fig. i.v O n  the left is shown the 
first stage in the series of oscilla­
tions following the discharge of a 
condenser. Lines of electric force 
are shown across the plates of the 
charged condenser, with no current 
in circuit. The condition is shown 
graphically in the diagram above
Fig. 17. The charge has run back 
into the condenser, charging it the 
opposite w ay round. There is no 
current in circuit, and no lines of 
magnetic force. Lines of force are 
shown in the condenser. This is half 
an oscillation period. The series is 
continued on the following page
One h a lf o f Oscillation period'
C onnecting
W ire
Current a t maximum 
(Charge at Zero)
One quarter o f ’Oscillation period
Fig. r6. Terminals are connected and j 
the condenser is accordingly dis- ; 
charged. N o  lines of force are indi- j 
cated between condenser plates, the i 
charge being in motion as current. 
Lines of force due to current are 
shown all round the circuit. One 
quarter of an oscillation period 
has n ow elapsed, as shown in the 
diagram above
]Al
The q u a l i t y  o f  th e  w r i t i n g  th ro u g h o u t  th e  W ire le s s  E n c y c lo p e d ia  
i s  so  h ig h  t h a t  i t  com pares f a v o u ra b ly  w ith  much o f  th e  te x tb o o k
jd
w;Lting in te n d e d  f o r  th e  p r o f e s s i o n a l  i n  t r a i n i n g .  I t  i s  p ro b a b ly  
t r u e  to  w r i t e  t h a t  no o t h e r  w ork in te n d e d  f o r  th e  a m a te u r  e n t h u s i a s t  
e v e r  s u r p a s s e d  t h i s  p io n e e r in g  w ork i n  u s e f u ln e s s  o r  i n t e r e s t .  N ot 
s u r p r i s i n g l y ,  th e  t h r e e  v o lum es h av e  become th e  p r i z e d  p o s s e s s io n  
am ongst r a d io  c o n s t r u c to r s  who a p p r e c i a t e  v in ta g e  r a d io s  an d  th e  
h i s t o r y  o f  e l e c t r i c a l  e n g in e e r in g .
3 .2 ^
"The F o u n d a tio n s  o f  W ire le s s "
A n o th e r  r e l a t i v e l y  e a r l y  t e x t  f o r  r a d io  a m a te u r  e n t h u s i a s t s  
w hich  won f o r  i t s e l f  a  s p e c i a l  r e p u t a t i o n  f o r  q u a l i t y  an d  u s e f u ln e s s  
i s  th e  book  w hich  f i r s t  a p p e a re d  i n  1936 u n d e r  th e  t i t l e  o f  The 
F o u n d a tio n s  o f  W ire le s s  by  A .L.M . S ow erby . T h is  book  h a s  c o n t in u e d  
i n  num erous e d i t i o n s  an d  r e v i s i o n s  u p  to  th e  p r e s e n t  t im e ,  th o u g h  
th e  l a t e r  e d i t i o n s  w ere s u b s t a n t i a l l y  m o d if ie d  by  M.G. S c ro g g ie ,  
an d  th e  work i s  now known a s  The F o u n d a tio n s  o f  W ire le s s  and 
E l e c t r o n i c s .
T h is  i n t r o d u c t i o n  t o  r a d io  p r i n c i p l e s  i s  b a s i c a l l y  non-m athem - 
a t i c a l  i n  t r e a tm e n t ,  b u t  em ploys th e  u s u a l  a l g e b r a i c  fo rm u la e .  I t s  
s p e c i a l  q u a l i t i e s  a r e  th e  i s o l a t i o n  o f  th e  r e a l l y  im p o r ta n t  e le m e n ts  
o f  th e  s u b j e c t  w hich  th e  a m a te u r  m ust know and  u n d e r s ta n d  th o ro u g h ly ,  
and  c r y s t a l - c l e a r  e x p la n a t io n s  and  co m m en tarie s  a s s o c i a t e d  w ith  
c a r e f u l l y  c h o se n  an d  a c c u r a t e l y  l o c a t e d  i l l u s t r a t i o n s .  The v a r io u s  
e d i t i o n s  h av e  a l l  s t r e s s e d  th e  im p o rta n c e  o f  th e  tu n e d  c i r c u i t ;  th e  
u s e s  o f  v a lv e s  (a n d  l a t e r ,  s o l i d  s t a t e  d e v ic e s ) ;  th e  p r i n c i p l e s  o f  
d e s ig n  i n  r a d io  c i r c u i t s ;  and  th e  n a tu r e  o f  a m p l i f i c a t i o n  w h ich  a im s
a t  a v o id in g  d i r s t o r t i o n ;  and  th e  means o f  p ro v id in g  pow er s u p p l i e s  
to  r a d io  c i r c u i t s .
G e n e ra t io n s  o f  t e c h n i c a l  s t u d e n t s  and  e n t h u s i a s t i c  a m a te u rs  
hav e  r e c e iv e d  a  good g ro u n d in g  from  t h i s  te x tb o o k  w hich  c o n t in u e s  
to  be d e s e r v e d ly  p o p u la r  a f t e r  50 y e a r s .
3 .2 5
H. C o t t o n ^  " B a s ic  T e c h n ic a l  E l e c t r i c i t y *1
F o r s t u d e n t s  f o l lo w in g  v o c a t io n a l  c o u r s e s  i n  d ay  an d  t e c h n i c a l  
s c h o o l s ,  th e  P r o f e s s o r  o f  E l e c t r i c a l  E n g in e e r in g  a t  U n iv e r s i t y  
C o l le g e ,  N o ttin g h a m , H. C o t to n ,  p re p a re d  an  a p p r o p r i a t e  t e x t ,
B a s ic  T e c h n ic a l  E l e c t r i c i t y , p u b l i s h e d  i n  19^9« T h is  was one o f  
a  s e r i e s  o f  w orks c o n c e rn e d  w ith  i n d u s t r i a l  a p p l i c a t i o n s  o f  e l e c t r i c ­
i t y ,  th e  p u rp o se  was to  o f f e r  a  t r a i n i n g  i n  th e  fu n d a m e n ta ls  w hich  
th e  t e c h n i c a l  s t u d e n t  c o u ld  u t i l i z e  i n  h i s  l a t e r  w o rk , r a t h e r  th a n  
to  p r e p a re  f o r  an y  p a r t i c u l a r  e x a m in a tio n .  The book  was co n c e rn e d  
w i th  e s s e n t i a l  p r i n c i p l e s ,  p r a c t i c a l  m easu rem en ts , an d  t e s t  i n s t r u ­
m en ts an d  s u c h  c i r c u i t s  a s  th e y  w ould  m eet i n  i n d u s t r y .  The t e x t  
r e q u i r e d  o n ly  a  b a s i c  m a th e m a tic a l  e q u ip m e n t, an d  was e d i t o r i a l l y  
t a i l o r e d  to  th e  v o c a b u la ry  and  i n t e r e s t s  o f  th o s e  w i th  a  m odest 
e d u c a t io n a l  b a c k g ro u n d . A f a u l t  was t h a t  t h e r e  w ere to o  few 
i l l u s t r a t i o n s  ( o n ly  7^  l i n e  i l l u s t r a t i o n s  and  s i x  p h o to g ra p h s  o f  
m a c h in e ry  i n  th e  e a r l i e r  e d i t i o n s . )
The w ork p ro v e d  p o p u la r  w ith  th e  s tu d e n t s  an d  t e a c h e r s ,  
and  was f r e q u e n t l y  r e p r i n t e d ,  th e  t h i r d  e d i t i o n  a p p e a r in g  i n  
i 960 i n  a n  m .k . s .  fo rm  w hich to o k  i n t o  a c c o u n t  m odern d e v e lo p m e n ts  
i n  com ponents and  i n s t r u m e n t a t i o n .
lh 2
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A .E . C la y to n  and  H .J .  S h e l l e y ^  " E le m e n ta ry  E l e c t r i c a l  E n g in e e r in g "
F o r th o s e  t e c h n i c a l  s t u d e n t s  who w ere more a m b i t io u s ,  and  
c a p a b le  o f  m ore ad v a n ced  w ork , t h e r e  w ere th e  e d i t i o n s  o f  E le m e n ta ry  
E l e c t r i c a l  E n g in e e r in g , by  A .E . C la y to n  and  H .J .  S h e l l e y ,  b o th  
l e c t u r e r s  i n  E l e c t r i c a l  E n g in e e r in g  a t  V i c t o r i a  U n i v e r s i t y .  T h e i r  
w o rk , f i r s t  p u b l i s h e d  i n  1927, c o u ld  b e  u se d  by  th o s e  who h ad  a  
f a m i l i a r i t y  w ith  h ig h e r  m a th e m a tic s ,  and  f o r  many y e a r s  t h i s  t e x t  
was recom m ended b y  num erous t e c h n i c a l  i n s t i t u t i o n s  i n  p r e p a r in g  
t h e i r  s t u d e n t s  f o r  d ip lo m a s  i n  E l e c t r i c a l  E n g in e e r in g  a t  th e  
O rd in a ry  s t a n d a r d .  The w ork o f f e r e d  a  th o ro u g h  g ro u n d in g  i n  D .C . 
and  A .C . c i r c u i t s ,  t r a n s f o r m e r s ,  m easu rem en t, th e  d i s t r i b u t i o n  o f  
pow er, e l e c t r i c a l  l i g h t i n g ,  an d  s m a l l  e l e c t r i c  m o to r s .  A g r e a t  
d e a l  o f  t e c h n i c a l  m a t e r i a l  was c o v e re d  i n  a  som ew hat d r y ,  u n i n s p i r ­
in g  m an n er. I t  a p p e a re d  to  be f a v o u re d  by th e  t e a c h e r s  r a t h e r  
th a n  th e  s t u d e n t s ,  th o u g h  th e  l a t t e r  w ere w e ll  s e rv e d  by  th e  
p r o v i s io n  o f  num erous q u e s t io n s  an d  an sw e rs  d e s ig n e d  t o  t e s t  
w h e th e r  th e y  had  a b s o rb e d  th e  in f o r m a t io n  o f f e r e d  i n  th e  t e x t .
T h ere  w ere num erous r e p r i n t s  an d  e d i t i o n s ,  th e  3 th  i n  1966, e a ch  
more d e n s e ly  p ack ed  w i th  t e c h n i c a l  in fo rm a t io n  w h ich  k e p t  a b r e a s t  
o f  new d e v ic e s  su c h  a s  s o l i d  s t a t e  com p o n en ts, and  th e  m odern 
c i r c u i t s ;  w h ich  em ployed th em .
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New Y ork I n s t i t u t e  o f  T ech n o lo g y : Programmed T e x ts
A m ost i n t e r e s t i n g  t e x t  f o r  A m erican  u n i v e r s i t y  and  c o l l e g e  
e n t r y  s t u d e n t s  was p r e p a re d  by  th e  s t a f f  o f  th e  E l e c t r i c a l  T ech n o lo g y  
D ep artm en t o f  th e  Nev; Y ork I n s t i t u t e  o f  T ech n o lo g y , b e tw een  1938 
and 1 9 6 ^ . T h is  i s  i n  th e  form  o f  a  l i n e a r  program m ed t e x t ,  Program m ed
x3C o u rse  i n  B a s ic  E l e c t r i c i t y ,  T h is  t e x t  i s  one o f  t h r e e  w hich  w ere 
d e v e lo p e d  a f t e r  e x te n s iv e  d i s c u s s io n s  w ith  th e  E l e c t r o n ic s  I n d u s t r i e s  
A s s o c ia t io n  o f  A m erica , and  a  g ro u p  o f  m a jo r com pan ies em p lo y in g  
l a r g e  num bers o f  th o s e  t r a i n e d  i n  e l e c t r i c i t y  and  e l e c t r o n i c s .
The c o u r s e  i s  o rg a n iz e d  i n  a  se q u e n c e  o f  v e ry  s m a l l  i n t e r r e l a t e d  
s t e p s  w hich  ta k e  th e  s t u d e n t  fo rw a rd  from  th e  m ost e le m e n ta ry  c o n c e p ts  
and  m a th e m a tic a l  p ro c e d u re s  to  m o d e ra te ly  ad v an ced  l e v e l s  o f  u n d e r ­
s t a n d i n g ,  An e s s e n t i a l  an d  im p o r ta n t  e le m e n t i n  t h i s  c o u r s e  i s  th e  
l a r g e  num ber o f  s m a l l  d ra w in g s  w h ich  a s s i s t  and  g u id e  th e  s t u d e n t  
l e a r n i n g .  The s e c t i o n s  on c a p a c i t o r s  and  in d u c to r s  a r e  b o th  a d m ira b ­
l y  c l e a r  and  so u n d : i n  th e  c a s e  o f  c a p a c i t o r s ,  th e  s t u d e n t  i s  f i r s t
in t r o d u c e d  to  th e  c o n c e p t  o f  c a p a c i ta n c e  and  th e  sy m b o ls  u se d  f o r  
d i f f e r e n t  ty p e s  o f  co m p o n en ts ; th e n  c h a rg in g  and  d i s c h a r g in g  an d  
th e  f u n c t io n  o f  th e  d i e l e c t r i c  i s  i l l u s t r a t e d  i n  a  s e r i e s  o f  s m a l l  
d ia g ra m s ; t h e r e a f t e r  th e  s t u d e n t  i s  e x e r c i s e d  i n  th e  f a c t o r s  w hich  
g o v e rn  c a p a c i t a n c e ,  th e  u n i t s  an d  th e  c a l c u l a t i o n s .  L a t e r ,  p h ase  
r e l a t i o n s h i p s  and  c a p a c i t o r s  u n d e r  A .C , c o n d i t io n s  and  c a p a c i t i v e  
r e a c t a n c e  i s  ex am in ed , and  f i n a l l y ,  e n e rg y  l o s s e s  i n  a  c a p a c i t o r  
and  c a p a c i t o r  v o l t a g e  r a t i n g s  a r e  in t r o d u c e d .
In d u c ta n c e  i s  s i m i l a r l y  t r e a t e d  i n  a  l a r g e  num ber o f  s m a l l  
s t e p s .  I n i t i a l l y  th e  m a g n e tic  f i e l d  a ro u n d  a  c u r r e n t - c a r r y i n g  
c o n d u c to r  i s  shown th ro u g h  d ia g ra m s , th e n  s o le n o id s  a r e  in t r o d u c e d
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and  F le m in g 's  Hand R u le s ,  fo l lo w e d  by L e n z 's  la w ; and  d iag ra m s  
e x p la in  th e  i n d u c t io n  o f  a  c o i l  by  c u r r e n t  c h a n g e s . T h e r e a f t e r  
s im p le  t r a n s f o r m e r  th e o r y  i s  g iv e n  and  c a l c u l a t i o n s  f o r  s e l f -  
and  m u tu a l - in d u c ta n c e .  S m a ll d i s t i n c t  d ra w in g s  e x p la in  th e  
d ep en d en ce  o f  in d u c e d  EMF on th e  a n g le  o f  c u t t i n g ,  an d  t h i s  i s  
fo llo w e d  by  in d u c t io n  r e l a t e d  t o  g e n e r a t o r s .  The s e c t i o n  c l o s e s  \ 
w i th  in d u c ta n c e  an d  v o l t a g e  p h a se  r e l a t i o n s h i p s  an d  in d u c t iv e  
r e a c t a n c e .
The s t u d e n t  who c o n s c i e n t io u s l y  w orks th ro u g h  th e s e  p ro g ­
rammed s e q u e n c e s  w ould  u n d o u b te d ly  g a in  a  b a s i c  u n d e r s ta n d in g  
o f  th e  c o n c e p ts  o f  in d u c ta n c e  and  c a p a c i t a n c e ,  and  w ould  be 
w e l l  p re p a re d  to  do m ore a d v a n ced  w o rk . H e /sh e  i s  a b le  to  
c h e ck  h i s  own p r o g r e s s  b y  u n d e r ta k in g  q u e s t io n s  on th e  th e o r y  
g iv e n  an d  b y  c a l c u l a t i n g  p ro b lem s -  th e  an sw e rs  b e in g  g iv e n  a t  
th e  end  o f  th e  b o o k ." ^
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M. N e lk o n 's  " E l e c t r i c i t y  an d  M agnetism "
D u rin g  th e  1 9 ^ 0 ' s  an d  1 9 3 0 's ,  M. N elk o n , Head o f  th e  S c ie n c e  
D e p a rtm e n t, W illia m  E l l i s  S c h o o l ,  London, p u b l is h e d  a  num ber o f  
s c h o o l  t e x t s  on P h y s ic s  an d  E l e c t r i c i t y  w hich  s e t  a  h ig h  s ta n d a r d  
f o r  o th e r  a u th o r s  to  e m u la te .  H is  E l e c t r i c i t y  an d  M ag n e tism , 
f i r s t  p u b l i s h e d  i n  19^ 8, was r e g a rd e d  w ith  p a r t i c u l a r  r e s p e c t  by  
t e a c h e r s  an d  p u p i l s  a s  i t  p a s s e d  th ro u g h  many e d i t i o n s .  The t e x t  
d e a l s  w ith  th e  c l a s s i c a l  p r i n c i p l e s  o f  e l e c t r i c i t y  and  m agnetism  
to  th e  G e n e ra l  C e r t i f i c a t e  o f  E d u c a tio n  s c h o l a r s h ip  l e v e l ,  o f f e r ­
in g  a  th o ro u g h  g ro u n d in g  i n  th e  c o n c e p ts  c e n t r a l  t o  e l e c t r o s t a t i c s ,
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m ag n etism , and  A .C ./D .C . c i r c u i t  t h e o r y .  I t  was a l s o  one o f  th e  
f i r s t  t e x t s  t o  r e c o g n iz e  t h a t  s c h o o lc h i ld r e n  s h o u ld  h av e  th e  ch an ce  
to  l e a r n  s o m e th in g  o f  th e  p h y s ic a l  p r i n c i p l e s  o f  v a lv e s ,  and  v a lv e  
c i r c u i t s ,  w h ich  up  t i l l  th e n  had  b ee n  a n  a r e a  e x c lu s iv e  to  th e  
v o c a t io n a l  s t u d e n t s .  An e x c e l l e n t  f e a t u r e  o f  th e  book was th e  
i n c l u s i o n  o f  3Ô1 i l l u s t r a t i o n s .  B o th  s tu d e n ts  and  t e a c h e r s  a p p r e c ­
i a t e d  th e  i n c l u s i o n  o f  many n u m e r ic a l ly -w o rk e d  ex am p les  ta k e n  from  
th e  ex a m in in g  b o a r d s ,  an d  th e  g u id a n c e  g iv e n  i n  th e  h a n d l in g  o f  
u n i t s  and  sym bo ls in c lu d e d  i n  e q u a t io n s ,  and  th e  a s s i s t a n c e  i n  
a p p ly in g  n u m e r ic a l  v a l u e s .
I n  th e  c h a p te r  c o n c e rn e d  w ith  c o n d e n s e rs  and  e l e c t r o s t a t i c  
i n s t r u m e n ts ,  th e  a u th o r  p r e s e n t s  a l l  th e  n e c e s s a r y  in f o r m a t io n  i n  
a  s t r a i g h t f o r w a r d  m anner o f t e n  a n t i c i p a t i n g  s t u d e n t  d i f f i c u l t i e s ,  
and  t r e a t i n g  th e  s u b j e c t  w i th  s u c h  th o ro u g h n e s s  t h a t  th o s e  who 
fo llo w e d  th e  t e x t  w ould f e e l  c o n f id e n c e  i n  t a c k l i n g  an y  o f  th e  
e x a m in a tio n  q u e s t io n s  on th e  s u b j e c t .  In c lu d e d  i n  th e  t r e a tm e n t  
i s  th e  co m p ariso n  o f  c a p a c i t o r s  by  b a l l i s t i c  g a lv a n o m e te rs ,  th e  
c i r c u m s ta n c e s  g o v e rn in g  c a p a c i t a n c e ,  and  r e l a t i v e  p e r m i t t i v i t y .  
D i f f e r e n t  ty p e s  o f  c a p a c i t o r ,  m ic a , p a p e r ,  v a r i a b l e  a i r ,  and  
e l e c t r o l y t i c  a r e  in t r o d u c e d  an d  t h e i r  u t i l i z a t i o n  g iv e n .  The 
m easu rem en t o f  c a p a c i t a n c e  i s  exam ined  th ro u g h  th e  u s e  o f  v a r io u s  
i n s t r u m e n t s ,  in c lu d in g  th e  g o l d - l e a f  e l e c t r o s c o p e ,  th e  q u a d ra n t  
e l e c t r o m e t e r ,  and  th e  e l e c t r o s t a t i c  v o l tm e te r .
The a u t h o r 's  c h a p te r  on e le c t r o m a g n e t ic  in d u c t io n  i s  com par­
a b l e  i n  i t s  th o ro u g h n e s s ,  a l th o u g h  much in f o r m a t io n  i s  g iv e n  i n  a  
com pact s p a c e .  Good d ia g ra m s  accom pany t e x t  e x p la n a t io n s  o f  th e  
m ag n itu d e  o f  in d u c e d  ERF; L e n z 's  law  f o r  th e  d i r e c t i o n  o f  in d u c e d  
EMF; and  w orked ex am p les  a p p ly in g  th e  fo rm u la e  f i r m ly  f i x  th e  
p r i n c i p l e s  i n  th e  r e a d e r 's  u n d e r s ta n d in g .  D e s c r ip t io n s  o f  e x p e rim ­
e n t s  w ith  th e  p r im a ry  and  s e c o n d a ry  c o i l s  make u s e  o f  in f o r m a t io n
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a l r e a d y  g a in e d ,  and  a r e  s u p p o r te d  by  e x c e l l e n t  d ia g ra m s .
T ra n s fo rm e r  th e o r y  i s  g iv e n  and  r e l a t e d  to  b o th  a u d io  and  r a d io  
f r e q u e n c y  t r a n s f o rm e r s *  The g ro w th  and  d ecay  o f  c u r r e n t  i n  an  LR 
s e r i e s  c i r c u i t  i s  ex am in ed , a s  i s  th e  e n e rg y  s t o r e d  i n  th e  m a g n e tic  
f i e l d  o f  a c o i l .  T h e r e a f t e r ,  th e  p r i n c i p l e s  w hich  h av e  b ee n  expound­
ed  a r e  a p p l i e d  to  th e  n a tu r e  o f  th e  s im p le  g e n e r a to r  and  to  th e  e l e c ­
t r i c  m o to r ,
A g ro u n d in g  i s  a l s o  g iv e n  i n  A*C. th e o r y  w ith  so u n d  p a s s a g e s  
d e a l in g  w i th  p h ase  d i f f e r e n c e s ,  l a g g in g  and  l e a d i n g ,  an d  A .C . c u r r e n t s  
t r e a t e d  a s  v e c to r  q u a n t i t i e s .  The v a r i a t i o n  o f  Xc an d  j^and  C, and 
th e  v a r i a t i o n  o f  w i th j^ a n d  L . The s tu d e n t  i s  a l s o  g iv e n  b a s i c  
in f o r m a t io n  o f  s e r i e s ,  p a r a l l e l ,  and  r e s o n a n t  c i r c u i t s .
The p o p u l a r i t y  o f  N e lk o n 's  t e x t  was to  some e x t e n t  c h a lle n g e d  
by  one o r  two a u th o r s  who u s e d  a  l i g h t e r  s t y l e  w hich  was th o u g h t  by  
some t e a c h e r s  more a p p r o p r i a t e  t o  th e  co n te m p o ra ry  s c h o o l c h i l d r e n ,
K V
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Tom D uncanfs  " P h y s ic s :  A T ex tb o o k  f o r  A - le v e l  S tu d e n ts "
One t e x t  i n  p a r t i c u l a r  w as, and  r e m a in s , h ig h ly  f a v o u re d ,
Tom D u n c a n 's  P h y s ic s :  A T ex tb o o k  f o r  A dvanced L e v e l S tu d e n ts  (1 9 8 1 ) .
The more l e i s u r e d  e x p o s i t i o n  an d  g e n e ro u s  s u p p ly  o f  p h o to g ra p h s ,  
d ia g ra m s , d ra w in g s , and  v a r io u s  s m a l l  a i d s  to  l e a r n i n g  p ro v id e s  an  
a t t r a c t i o n  to  th e  l a t e s t  g e n e r a t io n  o f  s tu d e n t s  p r e p a r in g  f o r  A - le v e l  
and  t e c h n i c a l  c e r t i f i c a t e s  i n  v o c a t io n a l  i n s t i t u t i o n s .  W hile th e  
s u b j e c t  m a t t e r  c o v e re d  i s  much th e  same a s  t h a t  o f  r i v a l  te x tb o o k s ,  
th e  a u th o r  h a s  b e e n  a t  p a in s  t o  b r i n g  h i s  m a t e r i a l  c lo s e  t o  th e  
i n t e r e s t s  o f  th e  c o n te m p o ra ry  l e a r n e r .
I n  th e  p ag e s  d e a l i n g  w ith  c a p a c i t a n c e ,  a  few u n c o m p lic a te d
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p a s s a g e s  r e l a t i n g  to  p l a t e  c a p a c i t o r s  and th e  d i e l e c t r i c  a r e  
s u p p o r te d  by  e x c e l l e n t  d ra w in g s  w h ich  h e lp  to  c l a r i f y  th e  c o n c e p t 
o f  th e  e l e c t r i c  f i e l d *  The w orked exam ples a r e  s im p le  and  s u f f i c ­
i e n t  to  im p re s s  th e  n e c e s s a r y  o p e r a t i o n s .  The r e le v a n c e  to  th e  
co n te m p o ra ry  s c e n e  i s  evoked  by  u s e  o f  a n  a n a lo g y  b e tw e en  e l e c t r i c  
and  g r a v i t a t i o n a l  f i e l d s  w hich  a r e  th e n  a p p l ie d  t o  s p a c e  t r a v e l .
Good c u t-a w a y  d ra w in g s  and  p h o to g ra p h s  o f  d i f f e r e n t  ty p e s  o f  
c a p a c i t o r  c o n n e c t  th e  t e x t  w ith  p r a c t i c a l  co m p o n en ts , an d  d ra w in g s  
a r e  u se d  to  show th e  s t u d e n t  e x p e r im e n ts  w hich  ca n  be  c a r r i e d  o u t  
on th e  c a p a c i t o r s ,  and  t h e r e  a r e  p a s s a g e s  d e a l in g  w ith  in s t r u m e n ts  
u s e d  f o r  c a p a c i ta n c e  m easu rem en t: th e  e l e c t r o s c o p e ,  th e  D.C
a m p l i f i e r ,  and  th e  e l e c t r o m e t e r .
The s e c t i o n  on e le c t r o m a g n e t i c  i n d u c t io n  m akes e a s i e r  r e a d in g  
th a n  i s  f r e q u e n t l y  th e  c a s e .  The h i s t o r i c a l  s i t u a t i o n  i s  g iv e n ,  
b a s i c  p r i n c i p l e s  e x p la in e d ,  an d  t h e  c l a s s i c a l  e x p e r im e n ts  o f  F a ra d a y  
a r e  i l l u s t r a t e d  i n  a  s e r i e s  o f  e a s i l y  u n d e r s to o d  d ra w in g s .  L e n z ’s  
law  i s  g iv e n  and  th e  a p p l i c a t i o n  r e l a t e d  to  a  num ber o f  d i f f e r e n t  
s i t u a t i o n s  i n  g e n e ra to r s  an d  m o to r s .  The p h o to g ra p h s  and  d ra w in g s  
em p h asize  th e  r e a l  u t i l i t y  o f  th e  fu n d a m e n ta l p r i n c i p l e s  p r e v io u s ly  
e x p la in e d ,  an d  th e  s t u d e n t  i s  g iv e n  th e  im p re s s io n  t h a t  he h a s  
g a in e d  a n  i n s i g h t  i n t o  th e  p ro d u c t io n  and  d i s t r i b u t i o n  o f  e l e c t r i c  
p o w er.
The p u b l i s h e r  h a s  b e e n  m ore i n d u lg e n t  th a n  u s u a l  i n  th e  s i z e ,  
num ber, and  v a r i e t y  o f  i l l u s t r a t i o n s  -  th o u g h  th e  p r o v i s io n  h a s  
r e s u l t e d  i n  th e  book  b e in g  e x c e p t i o n a l ly  c o s t l y  f o r  a  s o f t -b o u n d  
s c h o o lb o o k . D is c u s s io n s  w i th  s t u d e n t s  a p p e a r  to  c o n f irm  t h a t  th e  
a u th o r  h a s  a n t i c i p a t e d  th e  m ost common s tu d e n t  d i f f i c u l t i e s .
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M. N elkon  h a s  a l s o  p ro v id e d  a  v e ry  s u i t a b l e  te x tb o o k  f o r  
th e  l e s s  a c a d e m ic a lly  a b l e  o r  v o c a t io n a l  s t u d e n t ,  i n  h i s  A dvanced 
L e v e l M agnetism  an d  E l e c t r i c i t y , f i r s t  p u b l is h e d  i n  1 9 5 ^ . I n  t h i s  
t e x t  th e  p h y s i c a l  a s p e c t s  o f  th e  t o p i c s  i s  k e p t  i n  th e  fo re g ro u n d  
w ith  an  em p h asis  on a  v e ry  c l e a r  p r e s e n t a t i o n  o f  fu n d a m e n ta l p o in t s  
e s p e c i a l l y  th o s e  w h ich  w ere l i k e l y  t o  w o rry  th e  s t u d e n t  w ith  a  
l i m i t e d  m a th e m a tic a l  a b i l i t y .  A g a in , i n  t h i s  te x tb o o k  t h e r e  a r e  
num erous ex a m p le s , f u l l y  w orked o u t  f o r  th e  s tu d e n t  t o  fo l lo w , 
from  e x a m in a tio n  p a p e rs  s e t  by  v a r io u s  b o a r d s .  The t r e a tm e n t  o f  
in d u c ta n c e  an d  c a p a c i ta n c e  i s  s i m i l a r  to  t h a t  o f f e r e d  i n  h i s  
E l e c t r i c i t y  an d  M ag n e tism , th o u g h  t h e r e  i s  a  l i t t l e  l e s s  co m p re ss ­
io n  o f  e x p la n a t io n  and  com m entary .
N elkon  a l s o  p re p a re d  a  t e x t  s u i t e d  t o  th e  r e q u ir e m e n ts  o f  
f0 f - l e v e l  GGE c a n d id a te s  i n  h i s  F u n d am en ta ls  o f  P h y s ic s  ( 1967) 
w hich  was w id e ly  a c c e p te d  a s  a  s o l i d  an d  r e l i a b l e  b o o k . H is  
c a r e f u l  s e l e c t i o n  o f  th o s e  p a r t s  o f  s c i e n t i f i c  know ledge e s s e n t ­
i a l  t o  th e  s y l l a b u s ,  p r e s e n te d  i n  s h o r t  s e c t i o n s  w ith  an  e a s y  
p r o g r e s s io n  from  one l e v e l  o f  d i f f i c u l t y  t o  th e  n e x t ,  won f o r  
t h i s  book a  w ide a c c e p ta n c e  i n  t h e  s c h o o ls  co m p arab le  t o  t h a t  
e n jo y e d  b y  th e  more ad v an ced  t e x t s .  The a d a p t io n  w h ich  he  made 
i n  C .S .E . P h y s ic s  (1 9 7 5 ) t o  c o v e r  th e  C .S .E . e x a m in a tio n s  o f  th e  
p r i n c i p a l  b o a r d s ,  p ro v e d  t o  be p a r t i c u l a r l y  p o p u la r ,  m e r i t i n g  
f r e q u e n t  r e p r i n t s ,  an d  t h r e e  r e v i s i o n s ,  e a c h  b ro u g h t  i n  l i n e
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w ith  c o n te m p o ra ry  a d v a n c e s  i n  s c i e n t i f i c  know ledge and  th e  
n e e d s  o f  t e a c h e r s  and  p u p i l s ,
C .S .E . P h y s ic s  o f f e r s  th e  y o u n g e r o r  l e s s  a b le  p u p i l  an  
in fo rm a l  a p p ro a c h ,  i n v i t i n g  in v o lv e m e n t i n  th e  u n f o ld in g  o f  th e  
m y s te r ie s  o f  e l e c t r i c i t y  b y  th e  i n c l u s i o n  o f  much r e f e r e n c e  to  
t h in g s  e l e c t r i c a l  w i th  w hich  th e y  may have some know ledge and  
e x p e r ie n c e .  M ost s e c t i o n s  h av e  a n  h i s t o r i c a l  i n t r o d u c t i o n ,  
th e n  s h o r t  p a r a g ra p h s  g iv in g  b a s i c  th e o r y  l e a d  on to  s im p le  
e x p e r im e n ts  d e s c r ib e d  i n  th e  t e x t ,  and  i l l u s t r a t e d  w i th  draw ­
in g s  w h ich  a r e  p a r t i c u l a r l y  e a s y  to  u n d e r s ta n d  by  th e  a d d i t i o n  o f  
c o lo u re d  d i r e c t i o n  l i n e s ,  A l a r g e  num ber o f  th e s e  i l l u s t r a t i o n s  
m erge w ith  th e  t e x t  and  a r e  su p p le m e n te d  by p h o to g ra p h s  o f  m odern 
d e v ic e s ,  an d  in s t r u m e n ts  w h ich  make u s e  o f  th e  p r i n c p l e s  d e s c r ib e d .
The fu n d a m e n ta ls  o f  m ag n etism  an d  e le c tro m a g n e tis m  a r e  p ro v id e d  and 
c l o s e l y  c o n n e c te d  w i th  s u c h  common d o m e s tic  eq u ip m en t a s  e l e c t r i c  
b e l l s  and  th e  te l e p h o n e .  A t th e  end  o f  e a c h  s h o r t  s e c t i o n  t h e r e  
i s  a  m ost u s e f u l  summary o f  th e  p r i n c i p l e s  c o v e re d ,  w h ich  i n  t u r n  
i s  fo llo w e d  by  a  p r a c t i c a l  s e c t i o n  w hich  a l lo w s  th e  l a b o r a t o r y  w ork 
to  b u i l d  upon th e  th e o r y  p r e v io u s ly  o u t l i n e d .  I n  a d d i t i o n ,  t h e r e  
a r e  am ple e x e r c i s e s  l a i d  o u t  i n  th e  form  o f  r e v i s i o n ,  and  th e s e  a r e  
p ro v id e d  w ith  f u l l  a n sw e rs  and  e x p la n a t io n s  a t  th e  end  o f  th e  te x tb o o k .
C h a p te rs  o f  th e  te x tb o o k  exam ine th e  m o to r an d  th e  dynam o.
Each i s  p ro v id e d  w ith  e x c e p t i o n a l ly  c l e a r  d ra w in g s , and  th o s e  co n ­
c e rn e d  w ith  t h e  m o to r a r e  d e s ig n e d  iboishow th e i .p h y s ic a lv  m o tio n s ' a s  "• 
w e l l  a s  th e  p r i n c i p l e s  o f  a c t i o n ,  an d  p r o g r e s s i v e l y  move from  th e  
t h e o r e t i c a l  t o  th e  p r a c t i c a l  m o to r .  I t  i s  th e n  shown th ro u g h  p h o to ­
g ra p h s  and  o t h e r  i l l u s t r a t i o n s  how th e  m oving c o i l  p r i n c i p l e  i s  
a p p l i e d  t o  num erous i n s t r u m e n t s .
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E le c tr o m a g n e t ic  in d u c t io n  i s  l a r g e l y  e x p la in e d  th ro u g h  th e  
a n a l y s i s  o f  th e  dynam o. Some o f  th e  b a s i c  p r i n c i p l e s  b e in g  c a r r i e d  
fo rw a rd  from  F a ra d a y * s  e x p e r im e n ts  t o  th e  s t u d e n t 's  p e r s o n a l  e x p e r ­
ie n c e  o f  th e  c y c le  daynam o. An e le m e n ta ry  a c c o u n t i s  g iv e n  o f  A .C. 
c o n d i t io n s  an d  a  num ber o f  a lm o s t  s e l f - e x p l a n a t o r y  s m a l l  d ra w in g s  
in t r o d u c e  th e  a c t i o n  o f  th e  p r im a ry  and  s e c o n d a ry  c o i l s  o f  th e  
t r a n s f o r m e r .  The p r i n c i p l e s  o f  th e  t r a n s f o r m e r  a r e  a s s o c i a t e d  
w ith  th e  t r a n s m is s io n  o f  e l e c t r i c a l  pow er and  th e  g r i d  s y s te m .
C .S .E . P h y s ic s  by  th e s e  m eans h o ld s  th e  p u p i l s ’ a t t e n t i o n  and  
co a x es  h im /h e r  fo rw a rd  i n  e a s y  s t a g e s ,  and c o n s t a n t l y  d i s p l a y s  th e  
r e le v a n c e  o f  th e  t h e o r e t i c a l  p r i n c i p l e s  b e in g  s t u d i e d .
3 .5 1
The N u f f i e ld  A dvanced P h y s ic s  C o u rse
D u rin g  th e  l a t e r  1960*s and  e a r l y  1 9 7 0 *s a  g r e a t  d e a l  o f  
th o u g h t  an d  d i s c u s s i o n  was d i r e c t e d  to w ard s  a l t e r n a t e  ways o f  
t e a c h in g  and  l e a r n i n g  i n  s c i e n c e .  A t s c h o o l  l e v e l  one o f  th e  
b o l d e s t  and  m ost i n t e r e s t i n g  u n d e r ta k in g s  was th e  p r e p a r a t i o n  
o f  th e  N u f f i e ld  A dvanced P h y s ic s  c o u r s e ,  l e d  by  th e  J o i n t  
O r g a n iz e r s ,  P . J .  B la c k , U n iv e r s i t y  o f  B irm ingham , and  Jo n  
O gborn , W o rc e s te r  C o lle g e  o f  S d u c a t io n ,  w ith  a  team  o f  t e a c h e r s  
from  a  num ber o f  s c h o o ls  and  c o l l e g e s  o f  te c h n o lo g y .  I n  t h i s  
c o u r s e  a  good d e a l  o f  em p h asis  was p la c e d  upon th e  s t u d e n t s '  
l e a r n i n g  by  th e m s e lv e s  b y  p r a c t i c a l  e x p e r im e n ts ,  g u id e d  by 
c a r e f u l l y  p re p a re d  te x tb o o k s  and  n o t e s .  T h ere  was a  d e l i b e r a t e  
d e s ig n  i n t e n t i o n  to  a v o id  t h e o r e t i c a l  re m o te n e s s ,  and  to  o f f e r  
fu n d a m e n ta l p r i n c i p l e s  w h ich  m ig h t be u s e f u l  f o r  th e  p r e s e n t
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and  th e  f u t u r e .  The p r e s e n t a t i o n  and  th e  m a t e r i a l s  w ere d e s ig n e d  
to  s t i m u l a t e  s c i e n t i f i c  i n t e r e s t  an d  th o u g h t f u ln e s s  among th e  
l e a r n e r s .  The th e o r y  and  e x p e r im e n ts  w ere in te n d e d  to  i l l u s t r a t e  
th e  im p o r ta n t  ways i n  w h ich  d i s c o v e r i e s  i n  P h y s ic s  h av e  a f f e c t e d  
human l i f e  i n  m odern t im e s .  The o r g a n iz e r s  in te n d e d  t h a t  th e  
s t u d e n t s  s h o u ld  e n jo y  t h e i r  p r o g r e s s io n  i n  s c i e n t i f i c  s t u d i e s ,  
and  g a in  s a t i s f a c t i o n  from  a  g ro w in g  u n d e r s ta n d in g  o f  th e  fundam ­
e n t a l  p r i n c i p l e s  an d  th e  p r a c t i c a l  a p p l i c a t i o n s ,  an d  th e  i n t e l l e c t ­
u a l  s t im u lo u s  o f  p ro b le m -s o lv in g  i n  th e  c a s e  o f  e l e c t r i c i t y  and  
e l e c t r o n i c s  when d e a l i n g  w ith  com ponen ts g ro u p ed  t o  form  c i r c u i t s  
o f  p r a c t i c a l  a p p l i c a t i o n .
T hose s e c t i o n s  d e a l i n g  w ith  c a p a c i ta n c e  and  in d u c ta n c e  in v o lv e  
th e  s tu d e n t  i n  more p r a c t i c a l  e x p e r im e n ta t io n  th a n  w ould  n o rm a lly  
be o f f e r e d  on a  t r a d i t i o n a l  c o u r s e .  I t  a l s o  in v o lv e d  r a t h e r  more 
u s s o f  eq u ip m en t -  much o f  i t  b e in g  d e s ig n e d  s p e c i f i c a l l y  f o r  th e  
N u f f i e ld  A dvanced P h y s ic s  C o u rse  -  th a n  was commonly u s e d  i n  m ost 
s c h o o l s .  I n  s tu d y in g  th e  c h a rg in g  an d  d is c h a r g in g  o f  c a p a c i t o r s  
th e  s tu d e n t s  a r e  e x p e c te d  t o  m easu re  w ith  a p p r o p r i a t e  eq u ip m en t 
th e  c h a rg e s  on th e  c a p a c i t o r  when p a r t i c u l a r  e l e c t r o m o t iv e  f o r c e  
i s  a p p l i e d  th ro u g h  b a t t e r i e s ;  t o  n o te  th e  p o t e n t i a l  d i f f e r e n c e  
a c r o s s  th e  c a p a c i t o r  an d  r e s i s t o r s ,  an d  th e  c u r r e n t  th ro u g h  th e  
r e s i s t o r ;  th e  r a t e  a t  w hich  th e  c h a rg e  on th e  c a p a c i t o r  i s  i n c r e a s ­
ed  o r  d e c re a s e d ;  and  by p e r s o n a l  e x p e r im e n t th e  s t u d e n t  i s  e x p e c te d  
to  g a in  an  u n d e r s ta n d in g  o f  th e  n a tu r e  o f  tim e  c o n s t a n t s  i n  RC 
c i r c u i t s ,  ex a m in in g  th e  wave fo rm s on an  o s c i l l o s c o p e ,  and  by 
c a r r y i n g  o u t  t h e i r  own m e a su re m e n ts . T hrough num erous e x p e r im e n ts  
w i th  c a p a c i t o r s  i n  A .C . c i r c u i t s  th e  s tu d e n t  can  fo l lo w  by means 
o f  th e  o s c i l l o s c o p e  th e  v a r i a t i o n  o f  th e  c u r r e n t  an d  v o l t a g e  f o r
153
a c a p a c i t o r  th ro u g h  a  f u l l  A .C . c y c le *  S im i l a r l y ,  th e  d i f f i c u l t i e s  
w h ich  s t u d e n t s  o f t e n  h av e  i n  u n d e r s ta n d in g  c a p a c i t i v e  r e a c t i o n  can  
b e  m in im iz e d .
The c o u r s e  programme a l lo w s  th e  s tu d e n t s  to  s e e  how RC c i r c u i t s  
a r e  u se d  i n  v a r io u s  e l e c t r o n i c  d e v ic e s ,  and th e  s t u d e n t  i s  ta k e n  
on t o  th e  s tu d y  o f  o p e r a t i o n a l  a m p l i f i e r s  w here th e  u s e  i s  made o f  
c i r c u i t s  c o n ta in in g  r e s i s t o r s  an d  c a p a c i t o r s ,  s o  t h a t  th e y  q u ic k ly  
f e e l  t h a t  th e y  h av e  b e e n  g a th e r in g  in f o r m a t io n  w hich  i s  n o t  j u s t  
t h e o r e t i c a l ,  b u t  w h ich  h a s  a n  im m ed ia te  p r a c t i c a l  a p p l i c a t i o n ,  
and  one c o n c e rn e d  w i th  i te m s  w h ich  a r e  im p in g in g  on  t h e i r  own 
e n v iro n m e n t•
I n  th e  s e c t i o n  on in d u c ta n c e ,  th e  s tu d e n t  s i m i l a r l y  l e a r n s  
p r i m a r i l y  by  w hat th e  i n d u c to r s  d o , r a t h e r  th a n  by  t r a d i t i o n a l  
th e o r y  l y i n g  b e h in d  t h e i r  o p e r a t i o n .  A g a in , w i th  th e  a s s i s t a n c e  
o f  th e  o s c i l l o s c o p e ,  th e  b e h a v io r  o f  th e  in d u c to r  i s  exam ined  and  
th e  s tu d e n t  i s  ta k e n  th ro u g h  e x p e r im e n ts  w hich  show th e  r e l a t i o n s h i p  
o f  c u r r e n t  an d  v o l ta g e  an d  e n e rg y  f lo w  th ro u g h  a n  i n d u c t iv e  c i r c u i t .  
S i m i l a r l y ,  p h a se  d i f f e r e n c e s  i n  an  LR c i r c u i t  a r e  exam ined  an d  th e  
th e  s t u d e n t s  a r e  o f f e r e d  a n  i n t r o d u c t i o n  to  im p ed en c e . H e /sh e  a l s o  
w orks th ro u g h  e x p e r im e n ts  w i th  o s c i l l a t i o n s  i n  a  p a r a l l e l  LC c i r c u i t ,  
and  ad v a n c e s  to  e x p e r im e n ts  w i th  r a d io  fu n d a m e n ta ls  u s in g  tu n e d  
c i r c u i t s .
T h ere  a r e  s i m i l a r  e x t e n s iv e  e x p e r im e n ts  w hereby  th e  s tu d e n t  
may g a th e r  th e  fu n d a m e n ta l p r i n c i p l e s  and  m e c h a n ic a l  a c t i o n s  o f  
th e  m o to r an d  g e n e r a to r ,  a id e d  by  s p e c i a l l y - w r i t t e n  te x tb o o k s  i n t o  
w h ich  th e  num erous d ra w in g s  an d  d ia g ra m s  a r e  a  v i t a l  and  i n t e g r a l  
p a r t .  Much o f  th e  w r i t t e n  t e x t  s e r v in g  n o t  o n ly  t o  e x p la in  an d  
comment on th e  m a t e r i a l  t o  b e  s t u d i e d ,  b u t  t o  e n c o u ra g e  th e  s t u d e n t s  
t o  a p p ly  th e  p r i n c i p l e s  t o  th e  p r a c t i c a l  e x p e r im e n ta t io n .
15^
The e v id e n c e  w hich  h a s  a c c u m u la te d  from  th e  e x p e r ie n c e  
o f  t e a c h e r s  and  s t u d e n t s  w o rk in g  w i th  th e  N u f f i e ld  Advanced 
P h y s ic s  C o u rse  i s  t h a t  i t  h a s  b e e n  h ig h ly  s t i m u l a t i n g ,  and  
h a s  m et a  w eakness w h ich  d id  e x i s t  on some c o u r s e s  w here to o  
l i t t l e  p r a c t i c a l  w ork was c a r r i e d  o u t  by  th e  s t u d e n t s  th e m s e lv e s .  
The s t u d e n t s  h av e  e x p r e s s e d  e n th u s ia s m  f o r  th e  p r a c t i c a l  
in v o lv e m e n t,  and  b o th  t e a c h e r s  an d  s tu d e n t s  h av e  b ee n  warm i n  
p r a i s e  f o r  th e  han d b o o k s p r e p a re d  b y  th e  c o u r s e  w r i t e r s .
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The v e ry  a c t i v e  a m a te u r  body o f  c o n s t r u c to r s  o f  r a d io  and  
e l e c t r i c a l  eq u ip m en t d im in is h e d  g r e a t l y  d u r in g  th e  l a t e  1950' s  
and  I 960*s  due to  th e  e a s y  a v a i l a b i l i t y  o f  low  c o s t  r e a d y - b u i l t  
i te m s  o f  r a d i o ,  a u d io ,  and  e l e c t r o n i c  t e s t  e q u ip m e n t. How ever, 
i n  th e  19?0’s  t h e r e  was a  b u r s t  o f  renew ed  i n t e r e s t  among th e  
a m a te u rs :  th e  m a s s -p r o d u c t io n  o f  s o l i d  s t a t e  com ponen ts p ro ­
v id e d  th e  home c o n s t r u c to r  w ith  low  c o s t ,  e a s i l y  h a n d le d ,  s p a c e -  
s a v in g  co m p o n en ts , an d  th e  o p p o r tu n i ty  t o  u n d e r ta k e  c i r c u i t  
d e s ig n s  f o r  a u d io  an d  r a d io  w hich  w ere im p r a c t i c a l  a t  a n  e a r l i e r  
t im e .  M ag a z in e s , s u c h  a s  th e  R ad io  C o n s t r u c to r , E veryiky E l e c t r o n i c s , 
an d  Hobby E l e c t r o n ic s  f l o u r i s h e d  f o r  a  num ber o f  y e a r s ,  p ro v id in g  
a  new g e n e r a t io n  o f  a m a te u rs  w ith  c i r c u i t s  and c o n s t r u c t i o n a l  
d e s ig n s  f o r  a  ra n g e  o f  u s e f u l  an d  e n t e r t a i n i n g  d e v ic e s ,  and  k e p t  
th e  l a r g e l y  y o u th f u l  r e a d e r s  a b r e a s t  o f  th e  r a p id  d e v e lo p m e n ts  i n  
e l e c t r o n i c s .
B ecau se  t h e r e  was a  r e a l  dem and, and  b e c a u se  i t  was v e ry  much 
i n  t h e i r  own i n t e r e s t s ,  Everyday E l e c t r o n ic s  r a n ,  a lm o s t  e v e ry  y e a r ,  
a  s e r i e s  o f  i n s t r u c t i o n a l  c o u r s e s  ( u s u a l l y  i n  12 p a r t s )  w hich  
in t ro d u c e d  th e  newcom er to  e l e c t r i c i t y  and  e l e c t r o n i c s  fu n d a m e n ta ls .  
By s p e c i f y in g  th e  u s e  o f  s o l d e r l e s s  b re a d b o a rd s  an d  m ass -p ro d u c e d  
t r a n s i s t o r s ,  d io d e s ,  r e s i s t o r s ,  and  s m a l l  c a p a c i t o r s ,  th e  p u b l i s h e r s  
w ere a b le  to  d e s ig n  t h e i r  own c o u r s e s  w ith  th e  minimum o f  ex p e n se  to  
th e  r e a d e r s .
3.32
Electrical Hobby Magazines
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I n  t h e s e  c o u r s e s  th e  m a th e m a tic a l  c o n te n t  was l i m i t e d  a lm o s t  
t o  s im p le  a r i t h m e t i c ,  and  th e  u s e  o f  fo rm u la e  was r e s t r i c t e d ,  
an d  th e  i n s t r u c t i o n  d ep en d ed  v e ry  much upon p i c t o r i a l  r e p r e s e n t a t ­
i o n s ,  l a y o u t s  w hich  c o u ld  b e  im i t a t e d  w i th  e a s e ,  s i m p l i f i e d  d ra w in g s , 
an d  p h o to g ra p h ic  d e t a i l s .  Once th e  b a s i c  p r i n c i p l e s  w ere e x p la in e d ,  
th e  r e a d e r s  w ere e n c o u ra g e d  to  a p p ly  w hat th e y  had  l e a r n e d  to  
p r a c t i c a l  c i r c u i t s .  When th e  n a tu r e  o f  c a p a c i ta n c e  was o u t l i n e d  
and  th e  f u n c t io n s  o f  c a p a c i t o r s  i n  s u c h  s i t u a t i o n s  a s  c o u p l in g ,  
f i l t e r i n g , ,  an d  i s o l a t i o n  h ad  b e e n  g iv e n ,  th e  r e a d e r  w as i n v i t e d  
t o  b e g in  th e  c o n s t r u c t i o n  o f  s m a l l  d e v ic e s  i n  w h ich  th e s e  com ponen ts 
c o u ld  be u t i l i z e d .  S i m i l a r l y ,  i n  th e  c a s e  o f  in d u c ta n c e ,  th e  r e a d e r s  
w ere i n s t r u c t e d  i n  t h e i r  r o l e  a s  k ey  com ponents i n  o s c i l l a t o r s ,  and  
tu n e d  c i r c u i t s ,  th e n  p r e s e n te d  w i th  s i t u a t i o n s  w here th e y  c o u ld  be 
so  em p lo y ed .
W hile b y  c o n v e n t io n a l  s t a n d a r d s  th e  m a s te ry  o f  e l e c t r i c a l  
th e o r y  was som ew hat n e g le c t e d ,  th e  c o n s c ie n t io u s  r e a d e r  c o u ld  be 
e n a b le d  v e ry  q u ic k ly  t o  a p p ly  n ew -fo u n d  know ledge t o  th e  p ro d u c t io n  
o f  i te m s  o f  t e s t  e q u ip m e n t, p r a c t i c a l  a m p l i f i e r s ,  and  a  v a r i e t y  o f  
m u s ic a l  an d  e n t e r t a in m e n t  d e v ic e s  -  a n d , h o p e f u l ly ,  t o  be i n f e c t e d  
w ith  a n  e n th u s ia s m  t o  c o n t in u e  i n  th e  hobby o f  e l e c t r i c a l  an d  e l e c ­
t r o n i c  c o n s t r u c t i o n s .
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F o r v o c a t io n a l  s t u d e n t s  a  l a r g e  num ber o f  b o o k s h av e  b e e n  
p ro v id e d  to  a s s i s t  th o s e  f o l lo w in g  c o u r s e s  i n  prepai&fcion f o r  
" C i ty  an d  G u i ld s "  and  l a t e r ,  " T e c h n ic a l  E d u c a tio n  C o u rs e s " .
The m a jo r i t y  te n d  t o  b e  r e p e t i t i o u s  i n  t h e i r  s t a t e m e n t s  o f  
p r i n c i p l e s  an d  i n  th e  i l l u s t r a t i o n s  em p lo y ed . Books f o r  
v o c a t io n a l  s t u d e n t s  r e q u i r e  to  p o s s e s s  s p e c i a l  q u a l i t i e s  to  
tem p t th e  r e a d e r s  i n t o  a  p a t t e r n  o f  r e g u l a r  u s e :  a l l  t e a c h e r s
a t  t e c h n i c a l  s c h o o ls  know t h a t  th e  m a jo r i t y  o f  b e g in n in g  s tu d e n t s  
h av e  a n  i n b u i l t  r e s i s t a n c e  t o  s tu d y in g  from  te x tb o o k s .
3 .3 3
F ra n k  L in s le y * s  " I n t r o d u c t i o n  t o  E l e c t r i c a l  S c ie n c e "
One a u th o r  w ith  a  p a r t i c u l a r  a p p r e c i a t i o n  o f  th e  d i f f i c u l t y  
i s  F ra n k  L in s l e y ,  whose I n t r o d u c t i o n  to  E l e c t r i c a l  S c ie n c e , f i r s t  
p u b l is h e d  i n  197^» i s  w r i t t e n  i n  a n  in f o r m a l ,  c o n v e r s a t i o n a l  m anner 
d e s ig n e d  to  co ax  th e  s t u d e n t  i n t o  c o o p e r a t io n .
I n  t h i s  book a  num ber o f  s t u d e n t  d i f f i c u l t i e s  h av e  fc$een a n t i c ­
i p a t e d ,  and  e v e ry  e f f o r t  h a s  b e e n  made t o  p ro d u ce  an  i n t e r e s t i n g  
and  a t t r a c t i v e  b o o k . T h is  s h o r t  w ork i s  l a r g e l y  d e s c r i p t i v e ,  
r a t h e r  th a n  m a th e m a tic a l ,  b u t  th e  c a l c u l a t i o n s  p r e s e n te d  a r e  c a r e ­
f u l l y  w orked s t e p  by  s t e p  i n  num erous e x a m p le s . F u n d am en ta l 
p r i n c i p l e s  a r e  l a i d  o u t  s u c c i n c t l y ,  num erous d ra w in g s  o f  s im p le  
c i r c u i t s  a r e  g iv e n  an d  commented u p o n , and  many p r a c t i c a l  p o in t s  
w hich  th e  v o c a t io n a l  s t u d e n t  w i l l  m eet a r e  e x p la in e d  i n  a  d i r e c t
Vocational Texts
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and  s im p le  m an n er. C a p a c i ta n c e ,  i s  t r e a t e d  r a t h e r  s l i g h t l y ,  b u t  
e le c tro m a g n e t is m  an d  in d u c e d  EMF i s  exam ined  more th o r o u g h ly .
In d u c e d  EMF i s  c o n s id e r e d  th ro u g h  th e  r o t a t i n g  m agnet g e n e r a to r ,  
a s s i s t e d  b y  s e l f - e x p l a n a t o r y  d ra w in g s ;  F a ra d a y ’s  la w s  and th e  
e s s e n t i a l s  o f  m a g n e tic  f l u x  l i n k a g e  a r e  e x p la in e d ,  an d  t r a n s f o r m ­
e r s  in t r o d u c e d  by  e x p a n d in g  on th e  p r i n c i p l e s  a l r e a d y  g iv e n .  The 
c a l c u l a t i o n  o f  secondaiyE M F f o r  a  g iv e n  p .d .  a p p l i e d  t o  th e  
p r im a ry  i s  o f f e r e d  i n  ro u n d  f i g u r e s ,  and  t h e r e  i s  a  s im p le  s t a t e m e n t  
r e l a t i n g  to  pow er r a t i n g s .
T h ro u g h o u t F ra n k  L i n s l e y 's  book  th e r e  i s  a  r e g u l a r  em p h asis  
upon  p r a c t i c a l  a p p l i c a t i o n s  o f  e l e c r i c a l  p r i n c i p l e s  t e n d in g  to  
p e r s u a d e  th e  s t u d e n t  t h a t  w hat h a s  b een  s tu d i e d  h a s  a n  im m ed ia te  
and  p erm an en t u s e f u ln e s s  i n  h i s  in te n d e d ' p r o f e s s i o n .
3.3**
R oger H a m ilto n ’s  ’’E l e c t r i c a l  P r i n c i p l e s  f o r  T e c h n ic ia n s "
F o r  th e  more ad v a n ced  v o c a t io n a l  s t u d e n t ,  R oger H a m ilto n , o f  
W olverham pton P o ly t e c h n ic ,  h a s  p ro v id e d  E l e c t r i c a l  P r i n c i p l e s  f o r  
T e c h n ic ia n s  ( 1980) ,  p r i m a r i l y  d e s ig n e d  to  c o v e r  th e  T .E .C . s y l l a b u s ,  
" E l e c t r i c a l  P r i n c i p l e s ,  L e v e ls  2 an d  3 ” . T h is  book c o n ta in s  
e x c e l l e n t  c h a p te r s  d e a l in g  w i th  c a p a c i ta n c e ,  and  th e  m a g n e tic  f i e l d ,  
an d  e le c t r o m a g n e t ic  i n d u c t i o n .  The s tu d e n t  i s  f i r s t  in t r o d u c e d  to  
th e  c o n c e p t  o f  th e  e l e c t r i c  c h a rg e  an d  f i e l d ,  i l l u s t r a t e d  by  th e  
t r a d i t i o n a l  M axw ell d ra w in g s , th e n  t h e r e  i s  a  c l a r i f i c a t i o n  o f  
p o t e n t i a l  an d  th e  e l e c t r i c  f i e l d  s t r e n g t h  w hich  p r e p a r e s  th e  
s tu d e n t  f o r  th e  s tu d y  o f  c a p a c i t a n c e ;  th e n ,  a  s e r i e s  o f  c i r c u i t  
d ra w in g s  l e a d  th e  s t u d e n t  th ro u g h  th e  th e o r y  o f  s e r i e s  and
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p a r a l l e l  a r r a n g e m e n ts ,  an d  p r e p a re  f o r  an  a n a l y s i s  o f  th e  p a r a l l e l  
p l a t e  c a p a c i t o r  and  th e  d i e l e c t r i d  an d  th e  e n e rg y  s t o r e d  i n  a 
c a p a c i t o r .  E q u ip p ed  w ith  t h i s  t h e o r e t i c a l  fo u n d a t io n  th e  s tu d e n t  
i s  ta k e n  on to  w orked ex am p les  in v o lv in g  r e a l  c a p a c i t o r s ,  and  
in t r o d u c e d  to  p a p e r ,  m ic a , c e ra m ic ,  a i r ,  an d  e l e c t r o l y t i c  c a p a c i t o r s  
w h ich  w i l l  be m et w ith  i n  v o c a t io n a l  s i t u a t i o n s .
I n  th e  s e c t i o n  d e a l i n g  w i th  e l e c t r o m a g n e t ic  i n d u c t i o n ,  th e  
v o c a t io n a l  s t u d e n t  i s  made s p e c i a l l y  aw are  o f  th e  im p o rta n c e  o f  
t h i s  p r o p e r ty  w h ich  i s  o f  su c h  im p o r ta n c e  to  h i s  u n d e r s ta n d in g  and  
h a n d l in g  o f  m o to rs ,  g e n e r a to r s  an d  t r a n s f o r m e r s .  W orked ex am p les 
an d  l i n e  d ra w in g s  i l l u s t r a t i n g  th e  p r i n c i p l e s  a r e  e s p e c i a l l y  c l e a r  
and  d i r e d t  i n  t h e i r  a p p l i c a t i o n  to  r e a l - w o r ld  c o n d i t i o n s .  S e l f -  
an d  m u tu a l - in d u c ta n c e  a r e  e x p la in e d  an d  d i s c u s s e d  i n  a  s t r a i g h t ­
fo rw a rd  m anner an d  e a c h  i s  r e l a t e d  t o  o th e r  e n g in e e r in g  fu n d a m e n ta ls ,  
su c h  a s  t r a n s f o r m e r s ,  m o to rs ,  an d  g e n e r a t o r s ,  d i s c u s s e d  e ls e w h e re  
i n  th e  t e x t .  A s e r i e s  o f  w orked e x a m p le s , q u e s t i o n s ,  and  t e s t s  
i s  u se d  to  b u i l d  th e  s t u d e n t s 1 c o n f id e n c e  i n  th e  p r i n c i p l e s  
ex p o u n d ed .
The im p o r ta n t  p r i n c i p l e s  r e l a t i n g  to  A .C . c i r c u i t s  w hich  th e  
v o c a t io n a l  s t u d e n t  w i l l  m eet i n  p r a c t i c e  a r e  th o ro u g h ly  ex am in ed , 
and  t h e r e  i s  a  f i rm  g ro u n d in g  i n  s i n e  w aves, an d  t h e i r  a d d i t i o n s ,  
R .M .S . v a l u e s ,  and  p h a s o r s ,  a l l  i l l u s t r a t e d  by  num erous w orked exam­
p l e s  and  d ia g ra m s . O th e r  e q u a l ly  sound  c h a p te r s  d e a l i n g  w i th  th e  
t r a n s f o r m e r ,  g e n e r a t o r s ,  an d  m o to rs ,  g u id e  th e  s t u d e n t  th o ro u g h ly  
i n  im p o r ta n t  c o n c e p ts  an d  p r a c t i c a l  a p p l i c a t i o n s  w i th in  th e  e l e c ­
t r i c a l  e n g in e e r in g  f i e l d .
E l e c t r i c a l  P r i n c i p l e s  f o r  T e c h n ic ia n s  i s  a  r e l i a b l e  com panion 
t o  v o c a t io n a l  r e a d e r s '  s t u d i e s  an d  a  s o l i d  fo u n d a t io n  f o r  an y  
f u r t h e r  more ad v a n ced  w ork w h ich  may be u n d e r ta k e n .
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U n iv e r s i t y /P o ly t e c h n ic  L e v e l  T e x ts
3 .3 5
B le a n e y  and  B le a n e y * s  " E l e c t r i c i t y  an d  M agnetism 11
A t u n i v e r s i t y  l e v e l  P h y s ic s , a  te x tb o o k  h e ld  i n  h ig h  e s tee m  
by  c o l l e g e s  w hich  p la c e  g r e a t  em p h asis  on m a th e m a tic a l  e x p e r t i s e  
i s  E l e c t r i c i t y  an d  M agnetism  ( 3 r d  e d i t i o n ,  1983)» b y  B . I .  B le a n e y , 
F e llo w  o f  S t ,  H u g h 's  C o l le g e ,  O x fo rd , an d  B. B le a n e y , P r o f e s s o r  
o f  E x p e r im e n ta l  P h ilo s o p h y ,  U n i v e r s i t y  o f  O x fo rd , The te x tb o o k  
f i r s t  a p p e a re d  i n  1957» an d  h a s  u n d e rg o n e  v a r io u s  r e p r i n t s  and  
two s u b s e q u e n t  e d i t i o n s .  I t  i s  in te n d e d  to  c a t e r  f o r  u n d e rg ra d u a te  
P h y s ic s  s t u d e n t s ,  b u t  h a s  some c h a p te r s  w hich  ca n  be  u s e d  d u r in g  
th e  e a r l y  p a r t  o f  a  g r a d u a te  c o u r s e .  The fu n d a m e n ta l th e o r y  o f  
c a p a c i ta n c e  and  in d u c ta n c e  i s  in c lu d e d  i n  th e  f i r s t  e i g h t  c h a p te r s  
w hich  th e  a u th o r s  d e s c r ib e  a s  " a t  a n  e le m e n ta ry  l e v e l " .
The c o n c e p t  o f  c a p a c i t a n c e  an d  th e  n a tu r e  o f  th e  c a p a c i t o r  
i s  p re c e d e d  by  a  num ber o f  s e c t i o n s  c o n c e rn e d  w ith  e l e c t r o s t a t i c s ,  
w here th e  t r e a tm e n t  i s  r i g o r o u s l y  m a th e m a tic a l ,  th o u g h  th e  sh a p e  
o f  th e  e x p o s i t i o n  fo l lo w s  th e  h i s t o r i c a l  r e s e a r c h e s  o f  Coulom b, 
F a ra d a y , an d  M ax w ell. H av in g  o u t l i n e d  th e  e l e c t r i c a l  n a tu r e  o f  
m a t t e r ,  C o u lo m b 's  law  and  fu n d a m e n ta l  d e f i n i t i o n s  a r e  g iv e n ;  
e l e c t r i c  f i e l d  an d  p o t e n t i a l  a r e  c o n s i d e r e t } ,d e f i n i t i o n s  o f  e l e c t r i c  
f i e l d  an d  p o t e n t i a l  a r e  g iv e n ,  l i n e s  o f  f o r c e  a r e  d i s c u s s e d  an d  
i l l u s t r a t e d  w ith  M ax w e llian  d ra w in g s , th e n  th e  s t u d e n t  i s  i n t r o ­
duced  to  G a u s s 's  th e o re m . T h e r e a f te r  e l e c t r i c  d ip o l e s  a r e  exam ined  
an d  num erous e q u a t io n s  d e r iv e d ;  th e n  fo l lo w s  a  c o n s i d e r a t i o n  o f  
th e  d i e l e c t r i c  and  th e  c o n c e p t  o f  p o l a r i z a t i o n  i s  d i s c u s s e d .
161
G a u s s 's  th eo rem  i s  a p p l i e d  to  d i e l e c t r i c s ,  an d  e q u a t io n s  a r e  
d e r iv e d  f o r  e l e c t r i c  d is p la c e m e n t .  T h ere  i s  a  d i s c u s s i o n  o f  
th e  v e c to r  q u a n t i t i e s ,  e l e d t r i c  d is p la c e m e n t  D, and  t h e r e  i s  
c o n s i d e r a t i o n  o f  b o u n d a ry  c o n d i t i o n s  a t  th e  s u r f a c e  b e tw een  two 
d i e l e c t r i c s ,  and  i l l u s t r a t e d  b y  two l i n e  d ra w in g s . The p o t e n t i a l  
e n e rg y  i n  a  sy s te m  o f  c h a rg e s  an d  c h a rg e d  c o n d u c to r s  i s  r e v ie w e d , 
an d  e x p r e s s io n s  a r e  g iv e n  f o r  th e  t o t a l  e n e rg y  i n  s u c h  a  s y s te m ; 
f i n a l l y ,  s t r e s s e s  i n  d i e l e c t r i c  m ed ia  a r e  exam ined  an d  e x p re s s e d  
i n  te rm s  o f  th e  M axw ell S t r e s s  T e n s o r ,  i l l u s t r a t e d  b y  l i n e  
d ra w in g s .
I n  th e  c h a p te r  d e a l i n g  w i th  " E le c t ro m a g n e tic  I n d u c t io n  an d  
V a ry in g  C u r r e n ts "  r e f e r e n c e  i s  made t o  F a r a d a y 's  e x p e r im e n ts  
and  th e  r e s u l t s  a r e  sum m arized  i n  two la w s  and  th e  s i n e  o f  th e  
e . m . f .  i s  g iv e n  by  Lenz* la w . An e q u a t io n  i s  g iv e n  f o r  s e l f -  
in d u c t io n  an d  th e  c i r c u m s ta n c e s  o f  m a g n e tic  in d u c t io n  from  one 
c o i l  t o  a n o th e r  i s  i n t r o d u c e d ;  a  fo rm u la  i s  d e r iv e d  f o r  m u tu a l-  
in d u c ta n c e  (N eum ann 's fo r m u la ) ,  an d  a n  e q u a t io n  g iv e n  f o r  th e  
c i rc u m s ta n c e  w here th e  f l u x  th ro u g h  two c o i l s  i s  c h a n g in g ; th e  
p r a c t i c a l  t r a n s f o r m e r  i s  r e f e r r e d  t o ,a n d  th e  c o e f f i c i e n t  o f  
c o u p l in g  i s  e x p la in e d .  C a l c u l a t i o n s  o f  th e  m ag n itu d e  o f  
in d u c ta n c e  i s  i l l u s t r a t e d  f o r  a  num ber o f  d i f f e r e n t  s h a p e s  o f  
c o i l ;  lo n g ,  s o l i n o i d ,  two c o a x ia l  c o i l s ,  an d  a  p a i r  o f  c o a x ia l  
c y l i n d e r s ,  i l l u s t r a t e d  b y  l i n e  d ra w in g s .  T h ere  i s  a  d i s c u s s i o n  
o f  t r a n s i e n t  c u r r e n t s  and  c i r c u i t s  c o n ta in in g  in d u c ta n c e  and  
r e s i s t a n c e ,  an d  c a p a c i t a n c e ,  acco m p an ied  by a  num ber o f  s im p le  
c i r c u i t s ,  an d  a n  e x a m in a tio n  o f  th e  o p e r a t i o n  o f  a  b a t t e r y  
c h a rg in g  a  c a p a c i t o r ;  an d  a  c o n s i d e r a t i o n  o f  th e  d i s c h a r g e  o f  
a  c a p a c i t o r  th ro u g h  r e s i s t a n c e  an d  in d u c ta n c e ,  acco m p an ied  by
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two d ra w in g s  co m p arin g  a n  o s c i l l a t o r y  d is c h a r g e  w i th  n o n - o s c i l l a t -  
o ry  d i s c h a r g e .  The m a g n e tic  e n e rg y  an d  m e c h a n ic a l f o r c e s  i n  an  
i n d u c t iv e  c i r c u i t  a r e  d e s c r ib e d ,  and  e q u a t io n s  a r e  d e r iv e d  f o r  
v a r io u s  c i r c u i t s  an d  d i f f e r e n t  c i r c u m s ta n c e s .  Some o f  th e  
p r i n c i p l e s  o b ta in e d  from  a  s tu d y  o f  in d u c ta n c e  a r e  a p p l i e d  to
and  th e  w a t tm e te r .
The t r e a tm e n t  i n  a l l  th e s e  s e c t i o n s  i s  r i g o r o u s l y  m athem at­
i c a l ,  and a l th o u g h  th e  a u th o r s  c o n s id e r  t h e i r  p r e s e n t a t i o n  t o  be 
a t  "a n  e le m e n ta ry  l e v e l " ,  d i s c u s s i o n  w i th  th o s e  t o  whom th e  t e x t  
was recom m ended i n d i c a t e  t h a t  many f i n d  th e  w r i t i n g  u n a t t r a c t i v e  
and  d i f f i c u l t  t o  fo l lo w ;  on th e  o t h e r  h an d , th o s e  w i th  a  c o n f id e n t  
f lu e n c y  i n  m a th e m a tic s  c o n s id e r  th e  s t y l e  p l e a s i n g  i n  i t s  co m p re ss­
io n  and  d i r e c t n e s s .
W .J . D u f f i n g  " E l e c t r i c i t y  an d  M agnetism "
A n o th e r  te x tb o o k  much u s e d  an d  l i k e d  by  u n d e r g ra d u a te s  r e a d in g  
P h y s ic s  i s  W .J . D u f f i n g  E l e c t r i c i t y  and  M ag n e tism , f i r s t  p u b l is h e d  
i n  19651 and  s u b s e q u e n t ly  i s s u e d  i n  r e v i s e d  e d i t i o n s .  The a u th o r  
w r i t e s  i n  h i s  p r e f a c e :
"The t e x t  p a r t i c u l a r l y  em p h a s iz e s  th e  e x p e r im e n ta l  b a s i s ,  
th e  d ev e lo p m en t o f  c o n c e p ts ,  and  th e  r e a s o n s  f o r  i n t r o d u c ­
in g  them , a s  w e l l  a s  th e  fo rm a tio n  o f  g e n e r a l  la w s  and  
t h e i r  a p p l i c a t i o n  t o  s p e c i f i c  p ro b le m s ."
The w r i t i n g  i s  s p e c i f i c a l l y  d e s ig n e d  to  en g ag e  th e  s t u d e n t 's  
a t t e n t i o n  and  sy m p a th y , r a t h e r  th a n  p ro v id e  a  d e t a i l e d  e x p o s i t i o n .
m e a su r in g am m eters , an d  v o l tm e te r s ,
3 . 3 6
The e a r l i e r  c h a p te r s  t a k e  i n t o  a - c c o u n t  th e  p o s s i b le  g ap s  i n  th e
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know ledge o f  th o s e  who h av e  come d i r e c t  from  A - le v e l  p re p a ra to ry -  
w o rk , The t r e a tm e n t  i s  s u c h  t h a t  i t  can  b e n e f i t  E n g in e e r in g  
s t u d e n t s  a s  w e l l  a s  th o s e  r e a d in g  P h y s ic s ,  T h e re  a - r e  many 
e x c e l l e n t  f e a t u r e s  w h ich  a s s i s t  th e  s tu d e n t  by  c l e a r l y  l a y i n g  
o u t  th e  n a tu r e  o f  th e  m a t t e r s  t o  be s t u d i e d ,  an d  th e  a u t h o r ’s  
a im s f o r  e a c h  s e c t i o n .  T h e re  a r e  a l s o  u s e f u l  sum m aries o f  
im p o r ta n t  r e s u l t s  t o  b e  d e r iv e d  from  th e  c h a p te r  t o  be r e a d ,  
an d  re co m m en d a tio n s  f o r  f u r t h e r  r e a d i n g .  An i n t e r e s t i n g  
a d d i t i o n  i s  a  s e t  o f  co m m en ta rie s  on th e  m a t e r i a l  o f  e a c h  
c h a p te r ,  w h ich  i n  th e  a u t h o r 's  w ords h a s  th e  p u rp o se  o f  sh ow ing  
"T h a t th e  s u b j e c t  i s  s t i l l  a l i v e  an d  w e l l ,  and  t o  c o u n te r a c t  
th e  f e e l i n g ,  o f t e n  e n g e n d e re d  b y  a  te x tb o o k ,  t h a t  th e  e le m e n ta ry  
c l a s s i c a l  P h y s ic s  i s  c lo s e d  to  f u r t h e r  a rg u m en t an d  d i s c u s s i o n , 11 
The c h a p te r  on ’’C a p a c i ta n c e  a n d  E l e c t r i c  E n e rg y ” a p p l i e s  
a  good d e a l  o f  th e  in f o r m a t io n  w h ich  th e  s t u d e n t s  r e c e iv e d  from  
e a r l i e r  s e c t i o n s  d e a l in g  w ith  th e  e l e c t r i c  f i e l d  an d  e l e c t r i c  p o te n ­
t i a l ,  and  th e  fo rm s o f  G a u s s 's  la w , and  t h a t  i s  u s e d  t o  i n v e s t i g a t e  
p r a c t i c a l  c o n d i t i o n s .  The c o n c e p t  o f  c a p a c i ta n c e  i s  in t r o d u c e d  and  
d i s c u s s e d ,  an d  d e f i n i t i o n s  o f f e r e d ,  and  th e  p r o p o r t i o n a l i t y  o f  Q 
an d  V e x p la in e d ;  i d e a l  an d  r e a l  c a p a c i t o r s  a r e  exam ined  i n  t e x t  
and  w ith  d ra w in g s ,  an d  th e  s u b j e c t  o f  d i s t r i b u t e d  c a p a c i t a n c e  i s  
r e l a t e d  t o  c o a x ia l  c a b l e s .  M ethods o f  c a l c u l a t i n g  c a p a c i t o r s  i n  
s e r i e s  and  p a r a l l e l  a r e  g iv e n ,  an d  a  s im p le  n e tw o rk  o f  c a p a c i t o r s  
a n a ly s e d ;  th e  th e o r y  o f  th e  d i e l e c t r i c  i n  i t s  d i f f e r e n t  fo rm s i n  
r e a l  c o n d i t i o n s  i s  ex am in ed ; a n d , t h e r e a f t e r  d i f f e r e n t  ty p e s  an d  
t h e i r  f u n c t io n s  i n  c i r c u i t s  a r e  in t r o d u c e d ,  an d  f i n a l l y  s t r a y  
c a p a c i ta n c e  an d  s c r e e n in g  a r e  e x p la in e d .  T h ere  i s  no d o u b t t h a t  
c o n s id e r a b le  p a in s  h av e  b e e n  ex p en d ed  t o  a v o id  u n n e c e s s a ry  c o m p lic ­
a t i o n s  i n  d e r iv i n g  th e  e q u a t io n s ,  so  t h a t  th e  s t u d e n t s  w ith  o n ly
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a  m o d e ra te  b ack g ro u n d  i n  m a th e m a tic s  c a n  p ro g r e s s  w i th  th e  te x t*
The c h a p te r  on  ’’E le c tr o m a g n e t ic  I n d u c t io n ” i s  p a r t i c u l a r l y  
i n t e r e s t i n g  i n  i t s  e x p o s i t i o n ,  an d  i s  r e n d e re d  e a s i e r  t o  u n d e r ­
s t a n d  by  th e  num erous c l e a r  d ra w in g s .  A s e c t i o n  e x p la in in g  
F a ra d a y * s  e x p e r im e n ts  i n  s u c c in c t  form  i s  fo llo w e d  by  a  s tu d y  
o f  e le c t r o m o ta n c e ,  a s s i s t e d  by  num erous s m a l l  d ra w in g s  sh o w in g  
in d u c e d  e le c t ro m o ta n c e  i n  a  m oving c o n d u c to r ,  an d  f l u x  c u t t i n g  
an d  f l u x  l i n k i n g  i n  th e  m o tio n  o f  a  r i g i d  c i r c u i t .  O th e r  s e c t i o n s  
d e a l  w ith  th e  t r a n s f o r m e r  an d  show th e  r e l a t i o n s h i p  o f  th e  c o n c e p ts  
a l r e a d y  g a in e d .  I n  s h o r t ,  d i r e c t  p a s s a g e s  th e  s t u d e n t  i s  in t r o d u c e d  
to  th e  c o n c e p t  and  d e f i n i t i o n  o f  s e l f - i n d u c t a n c e  an d  th e  c a l c u l a t ­
io n s  o f  i t s  v a l u e s .  S i m i l a r l y ,  m u tu a l- in d u c ta n c e  i s  t r e a t e d  th ro u g h  
v a r io u s  ex am p les  w h ich  m ost s t u d e n t s  ca n  fo l lo w  w i th  r e l a t i v e  e a s e .
Each s e c t i o n  en d s  w i th  p ro b lem s f o r  th e  s t u d e n t  to  s o lv e ,
w h ich  a r e  d e s ig n e d  t o  r e i n f o r c e  th e  know ledge g a in e d  o r  t o  ch eck  
th e  a c c u ra c y  o f  th e  in f o r m a t io n  m em orized . The a ra n g e m e n t i s  su c h  
t h a t  e a c h  c h a p te r  i s  a lm o s t  i n  th e  form  o f  a  r e v i s i o n  upon  w hat h a s  
p r e v io u s ly  b e e n  s t u d i e d .
D is c u s s io n s  w i th  th o s e  s t u d e n t s  who u se d  th e  t e x t  i n d i c a t e
t h a t  t h i s  i s  one o f  th e  m ost p o p u la r  books among f i r s t  an d  sec o n d
y e a r  u n d e r g ra d u a te s  r e a d in g  P h y s ic s  o r  E n g in e e r in g .
SUMMARY
I n  th e  m id d le  o f  th e  1 9 th  c e n tu r y  th e  new s c ie n c e  o f  e l e c t r i c i t y  
a t t r a c t e d  th e  i n t e r e s t  and  c u r i o s i t y  o f  many who h ad  n o t  ta k e n  an y  
p a r t  i n  th e  p io n e e r in g  w o rk , an d  th e  p u b l i s h e r s  so o n  r e a l i z e d  th e r e  
was a  m a rk e t f o r  i n t r o d u c t o r y  t e x t s .  The e a r l i e s t  o f  th e s e  w ere 
w r i t t e n  by ac a d e m ic s  l i k e  F .C . Webb, H. Noad, and  F .  ¿Tonkin, who 
p ro v id e d  e le m e n ta ry  o v e rv ie w s  o f  th e  p r i n c i p a l  fu n d a m e n ta ls  known 
t o  them : e l e c t r o s t a t i c s ,  c a p a c i t a n c e ,  and  in d u c t i o n .  A l l  th e  a u th o r s
w i th o u t  e x c e p t io n  owed a  g r e a t  d e b t  to  M ich ae l F a ra d a y ,  n o t  o n ly  f o r  
h i s  r e s e a r c h  f i n d i n g s ,  b u t  f o r  th e  exam ple he h ad  g iv e n  i n  th e  o r d e r l y  
p r e s e n t a t i o n  a d o p te d  i n  h i s  E x p e r im e n ta l  R e s e a rc h e s  i n  E l e c t r i c i t y .
The te x tb o o k  w r i t e r s  w ere e q u a l l y  i n  d e b t  t o  Uames C le r k  M axw ell 
f o r  th e  m a th e m a tic a l  i n t e r p r e t a t i o n  an d  e x p a n s io n  o f  F a r a d a y 's  
p io n e e r in g  e x p e r im e n ts  g iv e n  i n  h i s  T r e a t i s e  on E l e c t r i c i t y  and 
M agnetism ; i t  was a  r i c h  fu n d  o f  e l e c t r o m a g n e t ic  th e o r y  from  w hich  
th e y  c o u ld  e x t r a c t  m a t e r i a l  s u i t a b l e  t o  th e  d i f f e r e n t  l e v e l s  o f  
s t u d e n t  r e q u i r e m e n t .  M a x w e ll 's  T r e a t i s e , p ro b in g  an d  e x te n d in g  a l l  
t h e  e l e c t r o m a g n e t i c  know ledge o f  h i s  t im e ,  i s  one o f  th e  g r e a t e s t  
i n t e l l e c t u a l  a c h ie v e m e n ts  o f  th e  19t h  c e n tu r y ,  b u t  i t  i s  u s e f u l  
o n ly  t o  th o s e  p o s s e s s e d  o f  a  f lu e n c y  i n  h ig h e r  m a th e m a tic s .  The 
posthum ous s i m p l i f i e d  v e r s io n  o f  h i s  t e x t ,  p u b l i s h e d  a s  An E le m e n ta ry  
T r e a t i s e  on E l e c t r i c i t y , was a l s o  im p o r ta n t  th ro u g h  th e  s t i m u l a t i o n  
i t  gave to  acad em ic  a u th o r s  who w ish ed  to  r e a c h  o u t  t o  th e  n o n - s p e c i a l  
i s t  r e a d e r s .  One s u c h  a u t h o r ,  S i lv a n u s  P .  Thom pson, p ro d u c ed  h i s  
m a s te r ly  i n t r o d u c t o r y  t e x t ,  E le m e n ta ry  L e sso n s  i n  E l e c t r i c i t y  and  
M agnetism  i n  l 88l ,  an d  i t  e n jo y e d  i n t e r n a t i o n a l  p o p u l a r i t y  and  m e r i te d  
r e s p e c t  f o r  th e  n e x t  two g e n e r a t i o n s .
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B ecause  th e  r a p i d l y  ex p a n d in g  e l e c t r i c a l  i n d u s t r y  r e q u i r e d  
a p p r o p r i a t e l y  i n s t r u c t e d  t e c h n i c i a n s ,  a c ad em ics  l i k e  J .  Ambrose 
F le m in g , and  Andrew J a m ie so n  p ro v id e d  them  w ith  t e x t s  o f  a  n o n - 
m a th e m a tic a l  ty p e ,  w here th e  emphasis was upon d ia g ra m s  and 
i l l u s t r a t i o n s ,  and  th e  c l a r i f i c a t i o n  o f  th e  new and  c o m p lic a te d  
c o n c e p ts .  B o th  a u th o r s  c o n c e n t r a te d  much a t t e n t i o n  upon p ro v id ­
in g  th e  t e c h n i c ia n s  w ith  a i d s  to  memory.
T hese  w r i t e r s  and  o t h e r s  re c o g n iz e d  t h a t  H ig h e r  E d u c a tio n  
s t u d e n t s  r e q u i r e d  to  be  w e ll-g ro u n d e d  i n  m a th e m a tic s  to  m a in ta in  
and ad v an ce  th e  p r o g r e s s  i n  e l e c t r i c a l  k n o w led g e . They w ro te  
f o r  t h e i r  own s t u d e n t s ,  and  s u b s e q u e n t ly  had  p u b l i s h e d  f o r  o t h e r s ,  
t e c h n i c a l l y  ad v an ced  w orks w hich  expounded th e o r y  and  p r a c t i c e  
o f  th e  e le c t r o m a g n e t i c  eq u ip m en t w h ich  was becom ing e v e r  m ore 
im p o r ta n t .  Tow ards th e  end  o f  th e  c e n tu r y ,  i n  E n g la n d , S .P .  
T hom pson 's Dynamo E l e c t r i c  M ach in e ry  (188*0 becam e a  c l a s s i c  t e x t  
f o r  th e  e n g in e e r s  s tu d y in g  g e n e r a to r s  and  m o to rs ,  and  a t  th e  b e g in -  
in g  o f  t h i s  c e n tu r y ,  i n  A m erica , th e  T ex tb o o k  o f  P h y s ic s , e d i t e d  by 
A.W. D u ff ( 1910) ,  and  W.H. T im b ie 's  E lem en ts  o f  E l e c t r i c i t y  f o r  
T e c h n ic a l  S tu d e n ts  (1 9 1 1 ) h e ld  a  s i m i l a r  r e s p e c t e d  p o s i t i o n .
W ith  th e  a d v e n t  o f  r a d io  co m m u n ica tio n , t e x t s  w ere r e q u i r e d  
to  g u id e  th e  l a r g e  and e n t h u s i a s t i c  body o f  a m a te u r  c o n s t r u c t o r s .  
They w ere w e l l  s e rv e d  by  e x p e r t l y  w r i t t e n  w orks s u c h  a s  H a rm sw o rth 's  
W ire le s s  E n c y c lo p e d ia  (1 9 2 3 ) e d i t e d  by S i r  O l iv e r  L odge, an d  A .L.M . 
S o w e rb y 's  F o u n d a tio n s  o f  W ire le s s  ( 1936) .
The p r e s e n t  d ay  r a d i o ,  a u d io ,  and  e l e c t r o n i c  eq u ip m en t c o n s t -  
u c t o r s  a r e  g u id e d  an d  a d v is e d  by m o n th ly  j o u r n a l s  l i k e  E v ery d ay  
E l e c t r o n i c s , and  Hobby E l e c t r o n ic s  w h ich  c o n ta in  v a lu a b le  i n s t r u c t ­
i o n a l  c o u r s e s  d e s ig n e d  f o r  th o s e  w i th o u t  h ig h e r  m a th e m a tic a l
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k n o w led g e , w here th e  d ep en d en ce  i s  l a r g e l y  upon p i c t o r i a l  
r e p r e s e n t a t i o n s  to  s i m p l i f y  fu n d a m e n ta l p r i n c i p l e s .
D u rin g  th e  l a s t  f o r t y  y e a r s  th e  s c h o o l  p u p i l s  h av e  had  
many e l e c t r i c a l  t e x t s  w r i t t e n  s p e c i f i c a l l y  f o r  th o s e  p r e p a r in g  ' 
f o r  a d m is s io n  to  H ig h e r  E d u c a tio n  c o u r s e s ,  b u t  i n  a l l  p r o b a b i l i t y  
none h av e  b e e n  more f a v o u ra b ly  r e c e iv e d  by th e  t e a c h in g  p r o f e s s io n  
th a n  th e  w orks o f  M. N e lk o n , whose 19^8  E l e c t r i c i t y  an d  M agnetism  
becam e a  b en ch -m ark  f o r  o t h e r  a u t h o r s .  More r e c e n t l y ,  w orks 
w r i t t e n  i n  a  p e r s u a s iv e ,  l i g h t e r  s t y l e ,  w hich  aim  a t  p r e s e n t in g  th e  
e s s e n t i a l  in f o r m a t io n  i n  a  m anner a t t r a c t i v e  t o  th e  c o n te m p o ra ry  
p u p i l s  have s p ru n g  i n t o  p o p u l a r i t y ,  l i k e  Tom D u n c a n 's  A T ex tb o o k  
f o r  A dvanced L e v e l S tu d e n ts  ( 1981) .  T h ese , and  a l t e r n a t i v e  a p p ro a c h ­
e s ,  l i k e  th e  t e x t s  t o  .accom pany th e  N u f f i e ld  A dvanced P h y s ic s  C ourse  
h av e  b e e n  p ro d u c ed  w ith  th e  i n t e n t i o n  o f  s t i m u l a t i n g  p u p i l s  i n  
s c i e n t i f i c  th o u g h t ,  and e n c o u ra g in g  them  to  more p e r s o n a l  e x p l o r a t i o n  
o f  p r a c t i c a l  c i r c u i t s  th a n  i s  u s u a l  w ith  t r a d i t i o n a l  c o u r s e s .
A s i m i l a r  s h i f t  away from  fo r m e r ly  fa v o u re d  t e x t s  may be o b se rv e d  
a t  th e  u n i v e r s i t y / p o l y t e c h n i c  f i r s t  y e a r  l e v e l .  B o th  E n g in e e r in g  
and  P h y s ic s  fre sh m en  e x p r e s s  i n  c o n v e r s a t io n ,  and  d e m o n s tra te  by  
t h e i r  c h o ic e  o f  b ooks on t h e i r  s h e l v e s ,  t h a t  th e y  s e e k  w orks w hich  
aim  to  en g ag e  th e  s t u d e n t s  p e r s o n a l  i n t e r e s t ,  su c h  a s  W .J. D u f f i n 's  
E l e c t r i c i t y  an d  M ag n e tism « w here th e  em p h asis  i s  n o t  p r i m a r i l y  on 
th e  s u b m is s io n  to  an  ex tre m e  s e v e r i t y  o f  m a th e m a tic a l  d i s c i p l i n e ,  
b u t  w here th e  r e a d e r  i s  g iv e n  e x p la n a t io n s  why p a r t i c u l a r  c o n c e p ts  
a r e  in t r o d u c e d  a t  p a r t i c u l a r  l o c a t i o n s ,  and  th e  r e a d e r  i s  g r a d u a l ly  
made aw are  t h a t  he i s  p r o g r e s s in g  i n  know ledge th ro u g h  th e  a p p l i c a t ­
io n  o t~ p re v io u s ly  t r e a t e d  s u b j e c t  m a t t e r .  I t  i s  w o rth y  o f  n o t i c e  
t h a t  su c h  b ooks a r e  now r e f e r r i n g  to  th e  c o n t i n u i t y  o f  h i s t o r i c a l  
r e s e a r c h  i n  e l e c t r i c i t y .
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In the course of the history of more than 100 years of 
electrical education textbooks, a few authors stand out for 
the quality of their expositions and their very great influence 
upon contemporary readers and subsequent writers. Silvanus P. 
Thompson is certainly one of these, and he is followed by 
Fleming, Lodge, Jamieson, and Timbie. Their work offered the 
example and laid the foundations for the range of excellent 
contemporary texts which are available to the pupils at school, 
the vocational trainees at technical college, and the university 
students - a ll of whom can today benefit from more numerous and 
better quality illustrations than were ever offered before.
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b . l  Discussions with students and with teachers at universities 
polytechnics, technical colleges and schools have provided good 
reason to believe that many who begin the study of electricity 
experience difficulties in mastering some of the fundamental 
principles, and this is particularly so in the case of the phen­
omena of capacitance, inductance, and electromagnetism related 
to generators and motors»
During numerous talks with training officers and works
managers in the electrical and engineering industries, a recur­
ring topic was a complaint that the new recruits display serious 
weakness in their understanding of fundamental principles. Although 
this matter has seldom received publicity, it  must be regarded as 
worthy of concern, for the employers are obliged to spend much 
time in providing revision and instruction.
Conversation with many students of electrical subjects have 
convinced me that a significant proportion of those who have passed 
far beyond the elementary stage of their studies of electricity and 
electronics do not have confidence in their own understanding of 
various basic principles; and, failure to grasp these can introduce 
difficulties at their future occupation, whether that be the instruct­
ion of others, practical work with electrical equipment, or industrial 
supervision.
My research programme has aimed at gaining information on the nature
of students’ difficulties, and to learn i f  these may be connected with
the strategies used by teachers to explain and comment on these principles; 
or the students' lack of personal interest in the basic electrical 
properties, or the methods employed by learners to clarify difficulties;
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or the student's experience of practical work in the laboratories; 
or inadequacies of the textbook presentationCincluding methods of 
explanation and graphic illustrations); or whether there are other 
factors which might interfere with the students' ability to form a 
clear understanding of the concepts involved. If these questions 
could receive satisfactory answers as a result of the research 
programme, then I hoped I would be able to make recommendations 
which could ameliorate the students' difficulties.
Exploratory talks were held with teachers of Physics and elect­
rical technology at different levels, from elementary school Science 
to university degree work in Engineering and Physics; but the principal 
source of helpful information was the students themselves, especially 
those who had quite recently completed their formal programme of studies 
which qualified them for Higher Education courses.
Pilot Study
•^2 A pilot study was undertaken which was in the form of meetings 
with teachers in charge of university, polytechnic, and Further Education 
courses in Oxford, followed by interviews with 18 of their students. 
During the interviews I encouraged the students to recall those portions 
of their earlier work which had caused them problems and anxiety, or 
required particular personal attention. The discussions and interviews 
confirmed that the subjects chosen for investigation were indeed those 
which caused difficulty and some continuing anxiety beyond the prelim­
inary stages.
The pilot study revealed that there was no doubt that some of 
the students were experiencing difficulties with textbook use, practical 
work in the laboratories and classroom instruction which were unknown 
to their own teachers. Further, i t  suggested that the students could 
be persuaded to speak without restraint about their difficulties with 
the study of capacitance, inductance, and electromagnetism, and the
degree of success which they had in overcoming these difficulties, 
only when they were convinced, in the course of a fairly lengthy 
conversation, of the genuine sympathy of the inquirer. Such condit­
ions can best be met by extended informal conversation in a 
relaxed atmosphere; i t  was therefore decided that the interviews 
would be held, whenever possible, in the students' own rooms or 
recreational quarters.
The Research Interviews
In the course of a programme of interviews which extended 
over four years from 1982 until 1985, three categories of students 
discussed their problems and learning experiences with me. These 
were: school pupils preparing for A-level examinations; vocational 
students at technical institutions; and first year Physics and Engin­
eering degree students at university and polytechnic. At a ll school 
and vocational interviews there was prior consultation with the 
teachers, and at university with the lecturers or tutors (whenever 
they were prepared to meet me), so that I had the benefit of their 
experienced comments on regularly occurring problems, student 
misunderstandings, the knowledge of the examination board requirements, 
and other matters which can affect student performance. Subsequently,
I was introduced by them to their students so that any possible 
suspicions of my intentions might be disarmed. Although each 
category of interview required a slightly different approach 
governed by the student's age and prior electrical education, the 
nature of a ll was similar, being a semi-structured interview substan­
tia lly  centred on a core of prepared questions and topics.
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The pilot study had revealed that there was much dissatis­
faction felt by students at a ll levels of study concerning the 
nature of the theoretical and practical presentation of their 
courses; so, during the four-year programme of interviews, those 
who took part were asked to give recommendations for changes 
which, in their opinion, would improve the methods of instruction, 
or the content of the courses, or the laboratory procedures, 
and each was encouraged to make critical comment on the textbook 
explanations and the graphic illustrations.
173
THREE CATEGORIES OF STUDENTS 
School Pupils
^•3 Research was conducted at a number of Oxfordshire schools 
preparing the 5th and 6th form Science classes for the Oxford 
and Cambridge entrance examinations, and the GCE examinations 
(several of them making use of the Nuffield Advanced Physics 
course, in whole or part). 30 Pupils were interviewed, selected 
by the Science teachers to represent the range of ability, some 
of whom were known to have had difficulties with the electrical 
portion of their Physics studies. During the interview a core 
of selected topics and questions was introduced to coax the 
learners to speak freely about their knowledge of capacitance 
and inductance. The schools included Comprehensives, Oxford College 
linked, and Independent public schools.
Vocational Students
I received cooperation from a number of the lecturers attached 
to Further Education colleges in Oxfordshire, and I was given access 
to their classes and practicáis in the laboratory, where I had dis­
cussions and subsequent interviews with 20 1st and 2nd year day-release 
students following the 3 year Technical Education Course (TEC), the 
majority of whom are engaged in electrical equipment servicing or 
were working in the light electrical engineering industries. I have 
also had the cooperation of the staff of the North Oxfordshire 
Technical College at Banbury, and those of the Abingdcsi Further 
Education College. I attended the classes and the laboratory meetings, 
and interviewed 20 students representative of a varying range of ability.
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The pilot study had revealed that i t  was'not unusual for these 
students to .take an irresponsible attitude to arrangements made, and to 
fa il to honour appointments for interviews. In an effort to put the 
forward-planned meetings on a secure foundation, each volunteer was sent 
a written confirmation with the time, date, and location of the interview, 
and it  was made clear that a fee of £1 was to be paid as recompense for
the person’s time. This proved to be effective as a reminder and an
incentive to keep the appointments.
At Oxford a ll the colleges were notified of my research project: 
permission was ®ught from the Heads of a ll colleges to allow me to 
invite 1st year students reading for degrees in Physics and Engineering
Science to meet me for discussion. All but two gave such permission, and
several appeared personally interested and sympathetic with the undertaking. 
Unfortunately, there was l i t t le  interest or support from the tutors. The 
few who were willing to. meet me were cooperative and prepared to discuss 
the student difficulties, and provided samples of their nhand-outs" and 
student test-papers.
A large number of students volunteered to meet me. Most appointments 
were in response to notices posted on the student notice-boards, but many 
came through introductions from those who had already been interviewed; 
others, who had heard of the research programme, came forward independently- 
not a few of whom expressed appreciation that some one was showing sympathetic 
interest in matters which had been a source of anxiety to them. Visits to 
talk with the students engaged in practical work at the Clarendon Laboratories 
resulted in a series of interviews, and similarly, visits to speak with 1st 
year students at the Engineering Science buildings brought numerous volunteers.
U n iv e r s i t y  and P o ly t e c h n ic  S tu d e n ts
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The friendly interest of the Professor of Engineering at the University 
of Reading resulted in introductions to members of staff, and the opportunity 
to meet first year Engineering and second year Electrical Engineering students,, 
in the laboratories, and there arrange for interviews. Similarly, the 
cooperation of the Electrical Engineering staff at the University of Surrey 
gave me the facilities to talk with students in the laboratories and obtain 
a series of interviews.
I have had numerous meetings with my former colleagues at the Oxford 
Polytechnic, both in the Engineering and Science departments, and I have 
been able to spend time in the laboratories gaining the acquaintance of 
the students and subsequently interviewing many of them. Laboratory discus­
sions were held with over 350 university/polytechnic students, and extended 
interviews were subsequently carried out with 90 of these.
1?6
THE INTERVIEW PROCEDURE
k A
The semi-structured interview permitted a considerable degree of 
freedom with regard to the particular questions asked and the order in 
which they were put, although a central core of topics was always 
included. The early stage of the meeting usually provided sufficient 
information on the person’s familiarity with the subject to allow an 
approach in conversational inquiry at the appropriate level of electric­
al experience. The interviews were private: the school pupils met me
in their empty classrooms, and the vacational students usually talked 
with me in a side-room ajoining their laboratory. In the case of the 
university/polytechnic students, whenever it  could be arranged, the 
the interviews were held in the privacy of the student's rooms, A firm 
assurance was given that whatever they might te ll me would be treated 
as confidential, and that nothing of i t  would ever be quoted in a manner 
which could identify the speaker, (A few laboratory partners requested 
joint interviews, and these were accommodated; and, exceptionally, a small 
circle of friends arranged a group interview.)
With the permission of the student, a tape-recording was made of 
the interview which followed the introductory section. Because the pilot 
study had shown that the appearance of a fairly large tape-recorder and 
microphone tended to evoke self-consciousness or reticence among some 
students, the practice was adopted of putting both machine and microphone 
out of sight.
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The interviev; was effectively spit into two parts: during the
first part - extending to 20 minutes or more - the aim was to win the 
student's trust* and put him or her at ease. It was explained that 
the primary purpose of the research was to gain greater knowledge of 
the learner's problems. Although each conversation was necessarily 
different and dependent to a great extent on the student's background* 
there was much encouragement to speak of personal interests* educational 
experiences, successes and disappointments in their studies. Y/henever 
the conversation touched upon any memory of difficulty in following 
classroom instruction or laboratory work, or textbook use, such matters 
were picked out for closer scrutiny. The second part of the interview 
generally lasted 30 minutes* and here the conversation was guided towards 
the prepared framework of questions, supplemented by a number of drawings 
and diagrams, which were used to explore the student's familiarity with 
the phenomena, and confidence in discussing the concepts associated with 
capacitance and inductance, and electromagnetism related to fgenerators 
and motors.
The interviewee was asked when and where his/her first study of 
electricity began, and encouraged to reminisce about any portion of 
the early studies remembered as troublesome. If specific areas of 
difficulty were mentioned, these were queried, to learn i f  the student 
associated these with class teaching, or textbook reading. Thereafter, 
the student was asked what strategy was employed to overcome such 
difficulties. If preference had not been already expressed, i t  was 
inquired i f  the solution to the problem was sought first from the 
teacher, or textbook or fellow student; and, i f  the information was 
not volunteered, the reason for the order of preference. Particular 
interest was taken in the students* use of textbooks, and comments were 
solicited on the usefulness for personal study, reference facility, and 
clarity of explanation, and guidance from drawings, photographs, and 
diagrams.
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The student was asked to speak of the relationship of the classroom 
teaching to practical work in the laboratory, both in earlier and current 
courses, and encouraged to comment personally on the division of time 
and attention and the importance which practical work took in that 
person's learning experience. Quite frequently some reference to 
laboratory experiment led to a discussion on the application of electrical 
components, and then the interviewee was asked about his familiarity with 
them, especially capacitors and inductors.
The student was then asked, "How does a capacitor work?" and 
school pupils v/ere shown a line drawing:
Thereafter, depending on the accuracy or comprehensiveness of the 
answer, there were questions on the essential features of the component, 
and the nature of the dielectric and other physical conditions which 
govern its  operation. At some point Capacitance was mentioned, and then 
the student was asked: "Can you te ll me something about the quality of
a capacitor which we call its  "Capacitance?" The student's understanding
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of d.c. and a.c. applications was questioned, as well as familiarity with 
the units of measurement, and the formulae which relate capacitance, 
voltage, and charge.
The students were asked what size of capacitors they were familiar 
with, and there was usually some discussion about the reasons why they 
were unlikely to have had experience of a one Farad capacitor. Some 
questions on charge storage usually followed.
The school pupils were shown:
+ ■
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and were asked to give a commentary on how the charge builds up on the 
capacitor, and drawn to see i f  they had knowledge of time constants, 
and asked to compare the conditions of d.c. and a.c. connected to the 
capacitor. Most students were asked about phase relationships of 
voltage and current, and about capacitive reactance. The interviev/ee 
was then asked to speak about the practical uses of capacitors.
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The inductor was then considered. The advanced students 
were asked: ”Tell me something about your experience with
inductors?”, and the school pupils were shown the drawing:
+ -
and asked: ”What happens when the switch is closed?” When some
reference is made to magnetic field, the interviewee was asked to 
relate that to the current, and asked about the length of its  
duration. If the person referred to the growing or collapsing 
magnetic field, there were questions on the result of that.
There usually followed some conversation leading to the 
subject of back-e.m.f., and knowledge of this was drawn by 
requesting some commentary on ”what happens?” If the person was 
able to do so, he/she was encouraged to offer an understanding of 
the term ”Inductance.”
The student was shown the drawing:
and asked i f  he could indicate which is the North and which the South 
pole, and by what process the decision was reached. The person was 
asked what would be the effect of replacing the battery with an a.c. 
generator, and (unless it  had already been mentioned) was asked about 
time constants, and the more advanced students were asked to speak 
of phase relationships of voltage and current, and asked about the 
formula for inductive reactance. The subject of mutual inductance 
was mentioned and inquiries made i f  the transformer had been studied.
The drawings were shown:
r \ A
5
1 !  a/
- 4 - b Hb
The interviewee was asked: ”How is the secondary coil affected
when the switch is closed?” According to the reply, the student was 
encouraged to speak of Lenz* law, the polarities, and what happens 
when the current reaches maximum.
A drawing of the collapsing field was then shown and the 
interviewee was asked: ”What is  the effect upon the secondary coil?”
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If the answer did not introduce current direction, inquiry was made 
about this, and an explanation sought. Then the student was asked 
to speak of the uses to which inductors are put.
The interviewees were asked about reading circuit diagrams: 
how they approached this, and whether they had had any instruction 
in doing so.
The school pupils were shown the drawing:
and asked i f  th<§y could recognize the components, and then asked 
what function they served. They were asked to attempt to identify 
the nature of the circuit and to give a commentary on the flow of 
signal.
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The vocational and university/polytechnic 1st year degree students 
were shown the circuit diagram, and the same questions were put:
1«
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Each student was asked i f  they constructed any circuits out of 
personal interest (such as amplifiers, radios, etc.) and i f  they read 
any of the electronic magazines, such as Wireless World, Radio and Electronics 
World, Everyday Electronics, Hobby Electronics, etc. Finally, each was 
asked what changes - given an ideal situation, he or she would make in the 
instruction received, and what each might like to learn that he/she had 
not been taught.
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The tape-recording of each interview (and the written notes 
taken during discussions) were carefully reviewed, and what were 
regarded as significant comments or answers by the interviewee 
were isolated for consideration, and interpreted partly in the 
light of the person's history of study given during the initial 
informal discussion, and partly by knowledge of similar patterns 
of learning experiences gathered from the interviewee's peers.
If the person had indicated the characteristics of a "Visualizer” 
or ”Mathematic”, his conversation and answers were checked to see 
i f  there was any evidence that his tendency influenced to any 
marked degree his choice of reading matter, or his response to 
the different types of classroom and laboratory instruction offer­
ed, or his procedures applied in private study.
Particular attention was paid to problems encountered in 
understanding the fundamental properties of capacitance, inductance, 
and electromagnetism related to generators and motors, for the 
purpose of deciding whether or not these could be due to inadequate 
theoretical background, or the inability to relate theoretical 
knowledge to the practical conditions in the laboratory. Similarly, 
careful note was taken of particular difficulties experienced by the 
three categories of interviewees; school pupils, Vocational trainees, 
and university/polytechnic students. The data was" examined for inform­
ation concerning the individuals realization that problems existed, 
and the measure of importance they attached to these matters, and 
i t  was observed what action was taken to attempt to resolve them;
18k
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and, in the case of successful outcome, what share could be 
attributed to individual effort, the teacher's assistance, and 
helpful textbook presentation in words, examples, or diagrams.
The interviewee's extra-mural electrical recreations were 
noted and, whenever these could be related to course work, the 
person's observations on possible benefits were compared with 
the comments of others of comparable experience.
The person's critical comments on the educational content 
of his course, and the manner of instruction in both classroom 
and laboratory were carefully analysed to learn what was 
commonly approved or complained about, and suggestions were ex*» 
tracted for future improvement.
The data was* examined for particulars of student experience 
which might lead to the discovery of previously unsuspected 
reasons for learners' difficulties in mastering the electrical 
fundamentals considered in this inquiry.
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, "VISUALIZERS" and "MATHEMATICS”
Quite early in the research programme it  became apparent through 
the interviewees choice of examples and description of study habits, 
that they had a bias towards either a mathematical orientation, or a 
bias towards a graphic orientation in their electrical studies. The
first class of student will tend to base his study and understanding
of electrical fundamentals upon mathematical formulae which relate 
to the measurable phenomena associated with components and circuits. 
Although he may have at some time examined the physical action models 
of capacitance and inductance, he relies upon mathematical description,
) and immediately thinks of the formula C= Q or the formula
V
E = N(^|)/T) volts. These students I have identified as "Mathematics" 
in this research.
The second class of student will tend to base his study on a
visualization, or mental graphic representation of the physical
functions of components or combination of components in a circuit.
Such a person when considering the action of a capacitor will summon 
up a mental picture of two plates being charged, and indulge a more 
or less clear impression of an accumulation of electrons "stored". 
Similarly, in the case of the phenomenon of inductance, this type of 
student tends to picture the current flow, and associate magnetic 
field, cutting the conductor itse lf, and visualizes a surge of induced 
e.m.f. These students I have identified as "Visualizers".
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Each class is influenced by his natural tendency when studying 
textbooks, following class teaching, or reading circuit diagrams in 
practical work. The ’’Visualizer” may be intimidated by explanations 
of principles expressed in concise mathematical presentation, but he 
encounters fewer difficulties in mastering fundamental principles 
when offered a variety of illustrations which represent the actions 
of currents and the effects of voltages. He tends to read the circuits 
as groupings of components which have particular physical functions 
which can be clearly visualized, and he may have difficulties when 
attempting to comprehend situations where there is a complex time 
element, such as may not be easily translated into separate images, 
e.g. oscillating or capacitive reactive circuits. On the other hand, 
the tfMathematic’1 student will happily follow textbook discussions and 
blackboard talk with the minimum of diagram aid, and will read his 
circuit primarily in terms of the measurable characteristics of component 
groupings, and be guided by the formulas which govern those particular 
arrangements•
The information obtained from my research programme indicates that 
the ’’Visualizer” students outnumber the ”Mathematic” students at the 
Secondary Education level, and that in Tertiary Education the highest 
proportion of "Visualizers” is to be found among the Engineering degree 
students. Discussion with first year university tutors confirms this 
observation.
During the interviews the ’’Visualizers” constantly stressed the 
need to ’’see” or ’’imagine in the mind” physical actions, or recall to 
their memories diagrams or images from the oscilloscope; the ’’Mathematics” 
were less explicit and descriptive, usually limiting their comments to 
expressions of deep interest in the mathematics, and taking the attitude 
that their methods were so natural (to them) and so superior that no 
alternative approach was worthy of much discussion.
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During the interviews considerable attention was focused on these 
contrasting classes, and the bearing which their characteristics had 
on the student's study techniques and reactions to the teaching 
received, and the appropriateness of their textbooks to cater for 
their distinct tendencies.
)
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EXTRACTS FROM INTERVIEWS
School Pupils
1+.6 My knowledge of current youthful hobbies, and discussion with 
those preparing for A-level examinations gave good reason to believe 
that a substantial proportion of school pupils had electrical 
interests, and some practical construction experience which was 
unconnected with their formal studies in Physics. One of my first 
questions, therefore, was direcited to learning when they had first 
come into contact with electrical interests, and to inquire i f  this 
was a hobby activity, and whether or not i t  had a beneficial influence 
upon the school work which they were required to do in both classroom 
and laboratory. The information supplied indicates that even more of 
the pupils than I had believed had some experience of kit-building 
or interconnecting of prepared modules. These undertakings varied 
greatly in their educational qualities, but even those which provided 
slight theoretical insights to the electrical operations tended to 
stimulate an interest in more serious activities when the kits, or 
modules were treated with more than superficial attention.
The following extracts from interviews give some exchanges of 
conversation which provide information on introductory electrical 
experience, and are ¡¡.characteristic of the range of answers given 
by many pupils to this question.
b.7
E l e c t r i c a l  H obb ies  and I n f lu e n c e  on  S ch o o l-w o rk
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Extract No. 1
("Phil”, a 6th form boy, who had family encouragement.)
Interviewer: Can you te ll me i f  you had any electrical hobbies
before your school Physics course?
Student: Two or three years ago, I started off making crystal
radios with my grand-dad*
I. Did that lead on to anything else?
S* Well, I got interested in electronics*
I* And you made up other things?
S. Yes, I built several short-wave radios*
I . Would you say that the radio building at home has helped
you with your present A-level studies?
S. Yes ••• but there is very l it t le  electronics involved,
just the basics of transistors*
I. Do you continue to do practical work for yourself as a
hobby?
S. Yes* I've just done a "Robyton" attachment for my
computer.
Another 6th form boy, "Magnus”, had been given an electronics 
construction set some two years before, and had subsequently gained f
a considerable degree of interest and experience of working with /
components. I asked:
Extract No, 2
I* And did you use i t  much?
S. I enjoyed myself making things for myself. I built
a few things.
I. Would you consider that such work with an electronic
construction set has helped you in your electrical studies here?
S. I'd say i t  depends on the kit: I'd say i f  it  was a ll
laid out on a plate, you probably gain l i t t le .  I adapted a bit. If you 
have to think about i t  yourself, and work out values and so on, then it 's  
good. If it 's  a ll explained, there's a tendency not to think about i t .
"Tim", a pupil in the lower 6th form at an Oxford College-linked 
school, told me he had been imitative of the hobby activities of an older 
brother, and that for about 5 years he had "dabbled" in circuit building.
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S. Electronics is my main hobby: making things.
I. What do you make?
S. Simple radios, and power supplies, and various small things.
I. Gan you te ll me something about the beginnings of your electrical
hobby?
S. I used to buy.Everday Electronics every month. They had a basic
electronics course. I did some of the experiments - when I had the 
components. But I didn't actually go out and buy a ll the parts necessary 
for the complete course. I think that some of the circuits covered are 
very useful for basic principles, but the course wasn't much use i f  you 
wanted to have something finished - something in a box for use afterwards, 
and say: "Look what I have finished."
I. Did you continue to buy Everday Electronics when the basic electron­
ics course ended?
S. Yes, but after a couple of years I began to realize that the circuits
were being repeated.
I. Would you say that the study of those magazine circuits helped you
with your school work here?
S. In some of the circuits, yes. They gave block diagrams. Most
people haven't seen the circuit before, and i f  you split into small blocks, 
then you can examine each block separately. You find that you can take it  
in easier.
I . Quite often people at school will say to me that they are very
interested in electronics, yet they don't construct things. Can you say 
why that's so?
S. I'm not really sure. I think you have to have a certain . . .  you
have to be inclined in a certain v/ay. I don't build things specifically
for a task, I don't build them to be useful. Certain things I build, then 
I see i f  they work. If they do, I'm pleased. If not, I take them apart 
and do something else.
"Martin", a fellow pupil in the same class ad "Tim", had some two 
years before been gifted an educational electronic construction set, but 
he had not persisted with experiments with it ,  and did not believe that 
it  had contributed much to his studies, but acknowledged that the practical 
manipulation had some value.
Extract No. k
S. I had the "Radionic" kit. I made up some things from that; they 
were quite interesting.
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S. 73% of the time they did,
I. When they didn't work, how did you go about finding out what
was wrong?
S. There was a faults l i s t .  The way they set their board out - it
was rather complicated - they had printed circuit boards, and you had 
to look very carefully to see . . .  I think it  could have been laid out 
better.
I . Would you say that such building with the "Radionic" kit has
contributed to your understanding of the electrical work you do here?
S. Well, no . . .  well, I think it  lets you appreciate i t  with a sort
of "hands on" feeling. The usual way is  "hands off" - theoretical. So, 
you can actually see things.
I ,  D id th e  c i r c u i t s  w ork when made up?
"Rupert", a 6th form pupil, who was following the Nuffield Advanced 
Physics course, told me that he had earlier done some simple circuit 
building he fore his present studies. Recent laboratory work had reminded 
him of pleasant memories, and he was stimulated to further personal 
practical experiment.
Extract No. 5
I. Can you remember any of the circuits you built from components?
S. I built a "Flip-flop" and a small transistor radio.
I . Where did you get the circuit design from?
S. It was from a book of some sort.
I. Was it  a hobby publication?
S. ? . . . .  there's one book I've got, called Electronics, I can't
remember the author - a Penguin book, I think . . .
I . Can you say why you didn't continue with the electrical constructions?
S. Well, my hobby is now computers. But . . .  we've just done'transistor
amplification in Physics. I find i t  quite interesting. I was thinking about 
making an amplifier myself.
I. Could you do your private work here in the laboratory?
S. I have my own soldering iron and solder, and things like that. So
I can do i t  here.
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A few pupils who had started early upon hobby electrical work 
at home were able to acquire considerable experience of circuits 
before reaching the A-level preparation stage. This could result in 
a superior attitude towards their colleagues, and an arrogant, unjustified 
opinion concerning their own level of knowledge.
One 6th form boy, ’’Edmund", a pupil at a private school, came from 
a family with professional association with electrical engineering, and 
had had several years kit-building experience before the A-levels.
Extract No. 6
S. The others haven't done as much construction, but they've covered
most of the same - well, a ll the same basic electricity work.
(Asked about his own early constructions, he replied:)
S. They were "Radionics”, pre-mounted components. I made things
like small amplifiers, oscillators, systems . . .
I . Did you follow circuit diagrams?
S. Yes.
I . Would you say that the kit-building made the understanding of
circuit diagrams easier for you?
S. Yes - but I think I had already always understood it ,  anyway.
The possibility of making an easy transition from educational 
amusement with a kit to A-level preparation was brought out by "Pat", 
a 6th form pupil, who had been gifted a "Radio Shack" electronic 
experiment kit.
Extract No. 7
I . Can you te ll me when you first started those electrical experiments?
S. I think it  was in the *fth year - I had been bought an "Electronic
Lab" kit.
I. Did the "Electronic Lab" kit kindle an interest in electronics?
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S. I think so, because after only a few minutes of effort you
could see something positive as a result*
I* Did that home construction help with your electrical studies here?
S. I think so. When I had built a few things I had used plenty of
components. I think I was fairly familiar with them as practical devices. 
The practical work with them made it  really more meaningful.
The temptation to use an educational electronic kit for purely 
personal amusement was indicated by one pupil, when replying to the 
question, "Was experience with i t  a useful introduction to A-level 
laboratory work?"
Extract No. 8
S. Well, I don't think so. I mean, I enjoyed myself making things,
but i t  was very much like putting a jig-saw together.
I. Were there not discrete components and a circuit diagram?
S. There were circuit diagrams, and I looked at them, but I didn't
make much of them. With the kit i t  was more like intelligent playing
about
Another 6th form boy, who spoke of being familiar with common 
components from an early age because of his father's professional 
involvement with electronics, was weak on theoretical knowledge.
Extract No. 9
I knew how to put electrical components together, and I had
an interest in it ,  but capacitors and inductors . . .  well, i t
has taken me a long time to really understand them.
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DISCUSSION
Electrical Hobbies and Schoolwork
Some of the pupils had been introduced to electrical 
constructions at home by older relatives, and by their 
example and guidance had been started upon a hobby which 
was relevant to an important area of their school Physics.
Interview Extract No. 1 relates to the development of a hobby 
which had its origin in the practical sk ill of a grandfather, 
who, in a ll probability, had himself in his youth built the 
type of crystal set which he introduced to my pupil. The sat­
isfaction obtained from building a simple crystal set is well- 
known to all who have undertaken this project as a first exercise 
of practical electrical construction, and not infrequently other 
more sophisticated radio receivers are built to gratify the 
interest and curiosity aroused by the construction. This was the 
case with "Phil” who developed an interest in the short wave bands, 
and constructed appropriate radios for the reception of distant 
signals, and thereafter moved on to other branches of electronics, 
including his current enthusiasm for computers.
The enjoyment obtained from practical home constructions of 
even the simplest nature is the motivation for the youngster to 
exert himself in carrying out the educational experiments intended 
to be undertaken with the prepared kits, and it  is the spur to 
dare to undertake the more advanced projects involved in building 
units from circuit diagrams published by the hobby magazines. This 
is  clearly indicated by "Magnus*1 in Extract No. 2, who "adapted a bit" 
and gained useful experience which he Carried forward to school work. 
Without doubt, there is a fascination involved in building practical
1 9 6
working electrical systems from discrete components which is difficult 
to convey to those who have not had that experience: that fascination
was known to "Tim" who in Extract No. 3 explained: "I don't build things
specifically and for a task, I don't build them to be useful. Certain 
things I build, then see i f  they work. If they do I am pleased. If not,
I take them apart and do something else."
The in itial interest created by first home efforts is sometimes 
encouraged by more experienced acquaintances, but from the earliest days 
of amateur electric constructions the commercial publications have been 
highly influential. "Tim" was one of the pupils who recognized the 
value of the beginners' magazine "Everyday Electronics"and took advantage 
of the "Basic Electricity" courses which that publication has run at 
regular intervals during the last ten years. He acknowledged that: "Some 
of the circuits covered are very useful  ^ for basic principles" and realized 
that their method of explaining theoretical diagrams by simplifying into 
"blocks" of essential circuit elements was an aid to understanding his 
school work.
Even those pupils who did not persevere in using their educational 
construction sets, like "Rupert", appreciated that the handling of 
components prodded a useful introduction and could be the means of 
directing attention towards other associated electrical activities 
such as computer projects. While some of the more advanced pupils 
preferred not to dwell on their early experiences in using kits, most 
admitted that they had assisted in following circuit diagrams, and 
provided a means of gaining confidence in recognizing and handling 
discrete components. This was typified by "Pat", who, after he had 
built a few constructions had used "plenty of components" and become 
fairly familiar with them as practical devices.
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particular difficulties in your electrical studies?" This deliberately 
loose generalizing language was used to avoid trespassing on the more 
specific questions on capacitance and inductance to be put at a later 
stage of the interview. However, by no means all were prepared to 
vofealize any such memories, and in many cases the existence of trouble­
some difficulties was made plain at a later stage of the meeting. 
Characteristically, many minimized known difficulties, then spoke more 
freely of them later. Not infrequently an honest and forthcoming answer 
would indicate how difficult some of the fundamental principles are to 
the young learner.
When a recognized difficulty was mentioned, i t  was inquired what 
strategy was adopted to clarify i t ,  and to whom the person looked for 
assistance. It was noted how rarely the pupil would go directly to 
his teacher with a problem.
A 6th form boy at a private school, "George", was willing to be 
cooperative in answer to this question:
Extract No. 10
I . I wonder i f  you can remember any particular difficulty at an 
earlier stage of your course?
S. Yes . . .  I don't know whether it 's  my fault or not, but I've
always found it  a bit difficult to accept something that is new,
therefore it  takes me quite a long time to accept some simple rules, 
or facts, or even in some cases, what you would call common sense ideas.
I. Could you give me an example?
P rob lem s and t h e i r  S o lu t io n
if. 9 A q u e s t io n  was pu t t o  a l l  in t e r v ie w e e s :  "Do you  remember any
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S. Well . . .  like current going through a battery and wires and
so on. Even now, I ’m not absolutely confident that I know what’s 
going on.
I . If you find yourself with something you can’t understand, do
you go to ask the master, or do you talk with other boys, or what?
S. Well, when I have a problem I always try to think about it ,
to sort i t  out myself, and, I ’m afraid in 9 out of 10 cases, it  doesn't 
work. Then I ' l l  try and look through the books that I like.
I . Could you te ll me which they are?
S. One is Nelkon and Parker, and there are two I can't remember, but 
I have found them useful. But i f  I s t i l l  can't find any cluesy then I 
ask some one else, one of my study mates, and i f  I s t i l l  can't understand, 
then as a last resort, I go to the masters.
A 6th form boy, following the Nuffield Advanced Physics course,
"Magnus", could not think of any specific difficulties he had had during 
his electrical,studies, explaining that, "My major problem is with Mechanics." 
But he was prepared to speak about solving his problems:
Extract No. 11
S. I'm fairly lucky. I don't actually find it  too difficult. There
are one or two of us doing i t  together . . .  probably we do have problems
I. Tell me, when you have a problem, do you go to a friend, or a text­
book, or the teacher?
S. . What I do usually is leave it  overnight, and think about i t .  If
I s t i l l  can't manage it ,  then, yes, I look through the Physics books. If 
that doesn't work, probably I ' l l  come and ask Tony (the technician) - he's 
usually around. If he can't manage i t ,  I go up to the library.
Several pupils were not prepared to identify current electrical 
problems, but would recall those of the past, and explain how they overcame 
difficulties. A 5th form boy, "Julian" following a Nuffield course at
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a comprehensive school said:
Extract No. 12
S. When I was about Ik or so I had difficulty discovering the
difference between voltage and current. It took a long time to grasp i t .  
They were'both measurements and I didn't really know much else. Eventually, 
i t  clicked. They used analogies with water ••• I think I then realized 
what the problem .was•
I. Now, when you have a difficulty in understanding some part of your 
course, what do you do: do you ask your friends, or your teacher, or
look for the solution in textbooks?
S. Generally I'd say . . .  I'd talk to some of the others. I think
that would help.
I. And i f  i t  didn't?
S. . . .  I suppose I'd look at the books.
DISCUSSION
^.10 In the matter of coping with electrical study problems the 
interviewees several times expressed their determination to face 
the intellectual challenge and overcome it  without assistance, i f  
possible. “George" and “Magnus" (Extracts. Nos. 10 and 11) both 
gave the impression of taking considerable pride in not flinching 
from difficulties presented during their courses. Characteristic of 
the attitude of many pupils, they preferred not to discuss the problem 
with their colleagues until they had first attempted to gain clarification 
from the books they had to hand (usually few in number). Most pupils 
preferred not to speak about a learning problem - through embarrassment 
or fear of being thought “slow-witted" or less capable than their peers; 
but, i f  there was some reason to believe that someone else shared the 
same problem, then i t  could be openly discussed. Close friends and 
study-mates were those with whom discussion might first be made, and i f  
no solution followed, then a superior authority was to be consulted.
Two points of interest arise from these7* exchanges. The first is 
that very few pupils take their problems directly and immediately to 
their teachers. None of the pupils gave me to understand that they 
doubted the teacher’s ability to assist them, so their reluctance to 
approach the teacher is more probably due to the desire not to reveal 
their “ignorance." With some there may have been a feeling of guilt 
that they had not paid sufficient attention during classwork, but most 
entertained adolescent embarrassment because they had not readily grasped 
some concept or mathematical procedure. All who spoke to me of their 
problems were prepared to put themselves to considerable inconvenience 
before approaching their own teachers. This diffidence on the part of the 
pupils was certainly not fully appreciated by the teachers with whom I 
conversed.
P roblem s And T h e ir  S o lu t io n
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The second point is that the school libraries are not used 
effectively by most of the pupils* While it  is not to be 
expected that those at school will have developed the same ability 
to work efficiently on their researches as older students, it  
became plain to me, through listening to the pupils descriptions 
of their activities in the library, that they often do not seek 
assistance of the more experienced persons in locating those books 
most appropriate to their needs. Their accounts suggest that their 
ill-organized library investigations were frequently unsuccessful, 
and it  was at that moment that they approached their teacher: i f  
the matter seemed to them sufficiently important to risk "losing face."
"VISUALIZER" OR "MATHEMATIC"
Visualizer
In conversation and interview several of the school pupils 
indicated that a graphic or visualizing approach was essential to 
their study and understanding of electrical properties - and this 
was particularly so in the case of capacitive and inductive phenomena. 
Three of the interviewees could be identified as pronounced "Visualizers", 
and these were well aware of their own tendencies; nevertheless, as 
the matter had never been discussed with them, none had ever given 
any consideration to the significance of his methods and inclinations 
in comparison with colleagues. Others indicated by their conversation 
that they entertained a bias towards the "Visualizer" approach.
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A sixth form pupil, "George", who had spoken of problems exper­
ienced at different stages of his electrical studies, clearly identified 
himself as a person who relied heavily upon mental pictures. After he 
had said that he was a slow learner, and a person who found considerable 
difficulty in understanding the fundamentals of electricity, he was 
encouraged to be more-explicit:
Extract No. 13
I. Can you te ll me a l i t t le  more which might suggest the reason
for your difficulty in understanding?
5. I think the reasons are partly personal - I have to form a 
picture of what is going on.
I* Yes, I am interested in this.
S. I like to think of pictures of current and so on, but i t ’s
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difficult. And, so . . .  I mean, the masters certainly try very hard 
to explain it  to us, but - I don’t know i f  it  is  true of other people - 
but I often need to visualize exactly what is going on - say, the electrons 
in the circuit.
Later in the interview he implied that his visualizing approach 
was not well matched with the textbooks which he used. He had been 
asked i f  the ¿texts ’’explained things in a way that makes matter clear 
to you” and he had replied:
Extract No. 14
S. I would say No - because . . .  well, Nelkon and Parker is a 
very good book, but there is so much there that it  doesn’t always 
explain clearly - except in mathematics, then i t  does describe in 
detail. Otherwise  ^ i t  may not be so for any one else- but I think that 
it  doesn’t explain in a way that I really understand. I think that 
what is said in the textbook doesn’t often link up with the problems 
I have.
Another pupil in the same form, ’’Edmund”, who had had some 
considerable experience of hobby electronics, was proud of his ability 
to interpret circuit diagrams with fluency. When asked to offer an 
opinion why others often found considerable difficulty in this reading, 
he replied:
Extract No. 15
S. I think that some people wouldn't straight away follow circuit
diagrams and the splitting of currents. I can think where things go.
I . Do you mean that you can visualize current or signal flow?
S. Yes, I can.
At another time during the interview, when he was referring to 
the charging of a capacitor, he offered a strong graphic description:
Extract No. 16
S. There is a high in itial current, then it  slows down. So i t  is 
being stored somewhere - you're charging.
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I. When you say’charging* what do you mean? how do you think of it?
S. The easiest way to visualize i t  would be a circular tank with a
rubber diaphram -using the water analogy - water is pumped in, the 
battery being the pump. You are in itia lly  having a large amount of 
waterx- flowing in, then as the pressure rises, i t  stops flowing in.
Although mathematic expertise and strong tendencies towards the 
"Visualizer" characteristics can be found in combination, the majority 
of those who favoured the mental visualization procedures were not very 
fluent mathematicians. This was noted among the school pupils, where 
several who spoke of experiencing difficulties with the mathematical 
requirements of their Physics courses, appeared to take considerable 
comfort in the fact that they could sometimes obtain a working acquaint' 
ance with certain principles by exploiting mechanical analogies or 
mnemonics.
One lower 6th form pupil, ’’Martin** told me that he was experienc­
ing such difficulty with the mathematical side of his course that he 
had been obliged to get assistance from a tutor; when shown a simple 
inductive circuit he felt perfectly confident that he understood the 
fundamental principles of the current, voltage and magnetic flux based 
on a memorizarion of a textbook illustration:
Extract No. 17
I . I am interested to know how you think of what happens when we 
complete this circuit by throwing the switch?
S. Well, what happens . . .  OK . . .  Well, the way X think about it
is , that you are supposed to think of electrons moving, therefore the 
current moves the other way, then there is the generation of a field, 
a magnetic field. I use the ’’right-hand grasp” - it  is very visual. I 
mean, you actually have to follow it  round, and make sure that i t  is 
going to go down that way. Therefore the current will be up in the 
centre.
I. When you think of a field ^growing, what in fact comes to your
mind?
S. Little lines - I don't think there is going to be a force field
gravitational or magnetic, or whatever: it 's  l it t le  lines.
S. Absolutely.
I .  So in  y o u r  c a s e  i t  i s  done in  a  g r a p h ic  s e n se ?
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This boy was particularly observant and appreciative of the 
graphic design features of a favourite electrical textbook, A-Level 
Physics, by Rober Muncaster (1981), and said:
Extract No.l8
"I like the shading - and the impact of some of the diagrams. 
X like the diagrams to be large. A useful thing, is the way they.set 
out their equations: i f  there is any kind of variable they put on a 
l it t le  aside, that this equation comes from, say 'See page 17' or so, 
or they give you definitions."
A fifth form pupil, "Rupert", somewhat uncertain of his mathematical 
ability found difficulty in relating formulas to component functions 
and obtained much assistance from mental imagery. Asked i f  he could 
remember i f  capacitance had caused him trouble during his studies, he 
replied:
Extract No. 19
S. It has. I didn't understand it  the first time it  was explained
to me - i t  was a matter of keeping on reading in the book about it .
I . Are you able to te ll me a l i t t le  about where the difficulty lay?
S. I . . .  once I started thinking of electrons moving, and building
up on one plate, and being sort of drawn away from the other, I think 
that clarified i t  a lo t. Whereas just saying: "the charge on something"
is less easy to understand.
I . Are you the sort of person who likes to picture things in your
mind?
S. Very much. I like to know that an electron is moving along
somewhere rather than depend on an equation. I'm quite happy with 
mathematical formulas as well, so long as I can know what is taking place 
inside.
206
The grounds for my ascription as either "Visualizer" or 
"Mathematic" were drawn principally from the interviews, where 
an account of an approach to electrical studies might refer to the 
need for pictorial aids; or, reveal a history of success in math­
ematics- Other indications were contained in volunteered comments 
on the type of textbooks or classroom/laboratory teaching prefer­
red, and in the emphasis placed on graphic imagery or formulae 
when speaking of learning experiences. While not a ll those inter­
viewed could be categorized with certainty, i t  was frequently the 
case that a clear tendency was revealed in the course of the semi­
structured interview# On some occasions an individual's bias was 
apparent during the earlier (non-recorded) preliminary conversations# 
(It should be mentioned that I consciously attempted to avoid set- 
ling any ascription until the full interview had been concluded#)
When the person was a strong "Mathematic" or a strong "Visualizer", 
their offered comments and direct answers quickly provided informat­
ion which corresponded with the particular pattern of preferences 
which I had noted in others of their category# In the case of those 
less pronounced in their tendencies, my grounds for ascription 
accumulated in the course of the interview, when I noted repeated 
references to pictorial illustrations, or memories of visual 
observations of circuits or demonstrations, or details of personal 
constructional experience. Sometimes I had been alerted by the 
speakers examples, calling forth component operation diagrams which 
had been.-.useful; or the application of Fleming's finger rules; or 
reference to electriaal circuits where power currents or signal paths
A s c r ip t io n  o f  T endency
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had been fixed in the memory. By encouraging the learners to 
speak of their problems and the methods they employed to solve 
them, I obtained a considerable body of information about the 
persorfs study habits which might link that individual with one 
or other tendency. Not infrequently their comments on classroom 
or laboratory presentations gave further indications of their 
bias which could confirm the ascription.
Although few i f  any had given the matter specific thought, 
some pupils were aware that they had a disposition to form mental 
imagery in the course of their electrical studies; they may have 
particularly active pictorial imaginations, or possess gifts of 
draghtsmanship which can be frequently associated with the play 
of visual forms in the mind. If the early application of graphic 
imagery has eased the course of in itia l electrical studies, i t  is  
likely that this approach will be continued as the investigation 
of circuits becomes more complicated. A minority of those class­
ified as "Visualizers" would speak of weakness in mathematics, 
and there is some reason to believe that they consciously applied 
a pictorial approach to their electrical work to compensate for 
difficulties experienced in following abstract mathematical theory.
DISCUSSION
"Visualizers"
^.13 "George", can be classified as a pronounced "Visualizer." In 
Extract No. 12, he expliciely tells of his need to form mental images 
to aid his understanding of the electrical fundamentals: UI have to
form a picture of v/hat is going on." Some of his difficulties in the 
classroom were due to that requirement not being gratified. He 
acknowledged that the teachers exerted much effort to clarify what 
seemed obscure to the pupils, yet he felt sure that their approach, 
and that of the textbooks, did not suit his personal needs.
From the school pupils point of view, most of the Physics 
teachers in the schools are exceedingly knowledgeable in the elect- 
rical principles they are attempting to convey to those in class. 
Whether or not this is the case, it  can be difficult for some, 
especially i f  new to the profession, to believe that a straightforward 
mathematical presentation could present problems to intelligent 
youngsters. The desire for mathematical rigbr and the old tradition 
that it  is an undesirable weakness to simplify, may also contribute 
to an academic approach. The Physics teacher's natural inclination 
may be towards the "Mathematic" tendency, and many are probably quite 
unaware of the discomfort fe lt by the pronounced "Visualizers" among 
their pupils. Such pupils would benefit from a stronger emphasis 
being placed on explanations which detail physical processes of the 
dynamic functions of components and electrical properties.
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In extract No. 1 ,^ "George" vocalized his dissatisfaction with his 
recommended textbook (long held in high regard by the majority of school 
Physics teachers): "It doesn't always explain clearly - except in
mathematics, then it  does describe in detail ••••• but I think that 
i t  doesn't explain in a way that I really understand." To a person 
like "George", of strong visualizing tendencies, the mathematical 
proofs and "intricacies" of mathematical explanation appear frustrating 
and alien, and there is good reason to believe that such learners can 
react with dismay, and may lose heart and not persist in trying to obtain 
a full understanding of the principles being presented.
Some of the pupils with pronounced visualizing tendencies, such as 
"Edmund", have gained confidence through practicing methods natural to 
them. He was more assured in reading circuit diagrams than others in 
his class, and could visualize "The splitting of currents" (Extract No. 15) 
and could "Think where things go," and his interest and enthusiasm for 
the subject had motivated him to seek out literature which offered 
explanations suited to his own tendencies. His knowledge of theory 
was butiiressed by highly visual mechanical analogies like that which 
he used to describe the charging capacitor in extract No. 16
In the study of inductors the "Visualizers" receive much assistance 
from Fleming's two "hand-rules". Several of the pupils automatically 
began to position their fingers when asked about the action of a simple 
inductive circuit. "Martin", identified as a "Visualizer", typified 
the situation when he said (Extract No.17) ••• "I use the 'Right-hand
grasp" - it  is very visual. I mean, you actually have to follow it  
round, and make sure that i t  is going to go down that way." Both "Martin" 
and his colleague, "Rupert" held in their minds vivid memories of 
the introductory graphic models of electron movement and lines of force.
For them those weire not images to assist the transfer of thought to 
mathematical formulae, but ever-present graphic representations.
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As "Rupert” said (Extract No. 19) in connection with capacitive 
charging: . . .  "Once I started thinking of electrons moving, and building
up on one plate, and being sort of drawn away from the other, I think that 
clarified a lotw Whereas just saying, '’The charge on something’ is less 
easy to understand.” And later: "I like to know that an electron is mov­
ing along somewhere, rather than depend on an equation."
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*f.l*f During the research programme the data obtained from the three 
categories of interviewees provided evidence thatthose with a pronounced 
"Mathematic" tendency were very much a minority in each category. Of 
the relatively small number of school pupils interviewed, one boy 
demonstrated by his answers and attitude that his natural inclination was 
that of a pronounced "Mathematic", and a second, though less intensely so, 
was clearly characterized by "Mathematic" tendencies. Both were 6th form 
candidates for approaching A-level examinations.
The pronounced "Mathematic" among the school pupils had (or affected) 
a considerable superiority towards practical electrical work, and 
particularly the simple laboratory measurements, calculations, and 
experimental operations which related to the theoretical expositions 
of classroom or textbook.
When asked: "Have6 you made a hobby of constructing anything
electrical?" he replied: "No, I don’t want to." The following
exchange continued:
Extract No. 20
X. Don't you like the practical side?
S. I'd say the things we do in the lab are waste of time.
I . Can you te ll me a l it t le  more about that?
S. Well . . .  what we do in the lab. just follows from theory:
like potential drops around a circuit, and . . .  energy stored in 
capacitors, and the rest. When you know the formula you can calculate 
it  a ll without wasting time in the lab.
"M ath em a tics”
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I . So you are attracted to the theory of electricity, but not to
the practical side. Tell me, is that because you are interested in 
the mathematics of electricity?
S. I like a ll the maths, in Physics. I ’m more advanced than
other people. The maths, in practicáis - i t ’s trivial.
The boy felt that his mathematical prowess raised him above the 
mechanical operations of his colleagues in the laboratory. It was 
suggested to him:
Extract No. 21
I. Well, perhaps you could find it  more interesting to tackle
work that your colleagues haven’t yet reached. Have you done inductive 
and capacitive reactance?
S. I've done plenty of that on my own.
I. On your own?
S. My father got me three or four physics books and I've done
most of the A«level questions in them.
I. So you get a particular pleasure from the mathematical side of
Physics.
S. Yes.
I . I presume that you are a good mathematician . . .
S. I'm always first in class
I. What do you propose to do after A-levels?
S. I ' l l  do a Physics degree
When it  was mentioned that a Physics degree course would involve 
some electrical practicáis the boy did not respond. In view of the fact 
that he was familiar with the type of A-level question where a calculation 
is applied to a circuit containing capacitors, I inquired about his 
approach to such a question, to learn i f  his method was purely mathematical.
213
E x tr a c t  N o, 22
I, I am interested to know how you approach a typical A-level
question on capacitors, such as when you are given a circuit diagram 
showing two capacitors,marked with different capacitances, in series 
with a potential maintained across them by a battery of known voltage; 
and you are asked to calculate the potential difference across each.
Do you think of the physical nature of the currents, or what 
takes place in the capacitors, or is it  entirely a mathematical 
procedure?
S. (E would take the values given and calculate the potentials
straight away.
This tendency to consider components merely as elements of a 
mathematical exercise appeared to pervade all the electrical study 
he had done, and largely to blind him to any interest in applications 
in the physical world. I asked him:
Extract No. 23
I. When reading about inductance and capacitance have you not been
interested to know of the practical applications of such components?
S. I think I know something of what they do ••• I haven’t much
interest in all that.
Asked for recommendations for assisting others in the electrical 
studies which he found so simple, the following exchange took place:
Extract No. 2A
I. Could you make any recommendations for assisting others in this
study?
S. Do more maths.
I. Apart from that, what else?
S. Most of my class don’t bother with anything but their notes,
I'd say they should read more.
2 1 4
I. Like the extra Physics books you have?
S. Yes
I. Do you remember the names of those which you have?
S. Our textbook is Nelkon and Parker, but my dad got me
Essentials of Higher Physics (Mary Webster, 1978), and Advanced Level 
Physical Science (d.J. Powney and B.J. Stokes, 1977)
The disinclination to share the interests which other boys 
took in the non-mathe&atical associations of electrical studies was, 
to a lesser extent, also characteristic of the second pupil of the 
"Mathematic" tendency. He, "Bonny11, when asked i f  he had made a 
hobby of building electrical devices replied:
Extract No, 25
S, No. I've never been very interested in that.
Gan you te ll me which A-level board examination you are
preparing for?
S. The Nuffield.
I. There is a good deal of construction, or at least unit-building
and experiment in their programme. How do you feel about that?
S. It's a ll right ••• I don't like i t  as much as some of the 
others.
When encouraged to expand upon this absence of interest, there 
was a suggestion of irritation at the slowness of his colleagues:
Extract No, 26
S. It takes a lot of time . . .  you don't get very far.
I. What about the challenge of finding out by experiment?
S. fit think I find out more in class, or by reading.
I. Don't you like to put the theory from your reading into
practice in the laboratory?
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S. Well, I think the theory is more interesting than doing experiments 
at practicáis.
This boy depended heavily upon formulae for his understanding 
of component functions. When shown a diagram of the capacitor discharge 
circuit, he was asked:
Extract No. 27
I. And when the capacitor is fully charged, how do you think of it
then?
S. It has stored energy equal to -JQV
I. Yes. Do formulas come easily to your mind?
S. I like equations -I 'm quite good at maths.
To learn if ,  like so many of his colleagues, he had any mental 
picture of an accumulation of electrons, I asked:
Extract No. 28
I. Do you think of the charged capacitor in any other way?
S. Well . . .  it 's  a quantity of charge stored. It's equal to the
capacitance times voltage, Q = CV
Like the other "Mathematic" school pupil, he gave the impression 
of having l it t le  interest in the practical application of the components 
he had studied, except when there was a strong mathematical association. 
This was characterized by the exchange:
Extract Mo. 29
I. I wonder i f  you remember any of the uses made of transformers?
S. We've done problems using the Turns Ratio: you can step up or down
voltage with a transformer.
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DISCUSSION
"Mathematics"
In the course of the research programme the number of persons 
identified in this class was few but their characteristics were 
remarkably alike. Notable during their conversation was the extreme 
enthusiasm for mathematical reasoning and calculation, and the dis­
missal of suggestions of interest in practical work. The strong 
"Mathematics" have taken a pleasure in the precision of mathematical 
calculation for many years, and by the time of their preparation 
for A-level examinations, they delight in the conciseness of formulae, 
which for them is a sufficient summary of electrical phenomena. They 
are impatient with information which is more slowly acquired from 
practical observation and experiment. They feel that the mathemat­
ical side of their electrical studies is intellectual; but the 
practical side is manual, and less worthy of their attention. Both 
the school pupils of a strong bias had consciously distanced them­
selves from the practical application of their electrical studies, 
and believed they had lost nothing in doing so.
The school pupil "Mathematics" possessed characteristics 
common to other strong "Mathematics" interviewed at university and 
polytechnic in that they prided themselves on their abilities,and 
were conscious that their superior techniques received the approbat­
ion of their teachers. Their offered opinions and answers to inquir­
ies demonstrated their dislike of mechanical manipulation of elec­
trical components, and a preference for abstract reading. They 
remember formulae easily, and are rather condescending in reference 
to graphic illustrations elucidating electrical component functions.
4 .1 5
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The Pupil,"Murdoch*1, who showed himself during interview to 
typify the pronounced "Mathematic", was impatient for more advanced 
studies than his colleagues were engaged in, and apparently unapprec­
iative of the value of practical work in the laboratory. He gave me 
to understand that the intellectual part of his course was pleasing, 
but any laboratory activity was, for him demeaning. ’'Murdoch” was 
genuinely interested in electrical theory because of the pleasure 
which mathematical reasoning and mathematical challenges connected 
with electrical studies could provide. He had read more than his 
colleagues and he felt he could gain nothing by manipulating 
components in the laboratory, and believed that "it was a waste of 
time" (Extract No. 20). The laboratory measurements he regarded 
with contempt: "The maths in practicáis - it  is trivial." It is
interesting that he knew that he had progressed beyond his fellows 
in part through personal effort, and could make the recommendation 
to others that they should extend their reading beyond the notes 
issued to them.
Another boy of "Mathematic" tendencies, "Ronny", was less 
extreme in his attitude; he, however, also scorned the hobby side 
of electrical activities. For him electricity and electronics 
were an intellectual pursuit, and the practical work necessary 
to carry, out the Nuffield course requirments was to be tolerated, 
rather than enjoyed. Whereas many of his colleagues might find a 
pleasure in exploring the effects of different circuit arrangements 
by physically handling the units, "Ronny" as a "Mathematic", was 
content to think of the circuits and component functions as mental 
abstractions.
Characteristically he was familiar with the appropriate 
formulae, and had those relating to capacitor energy and charge
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storage readily to hand (Extracts Nos, 27 and 28), He was also 
typical of the "Mathematic" in caring l it t le  for the applications 
of electrical components and circuits; and, although he had un­
doubtedly read more than his classmates, the practical uses had 
not registered strongly in his memory, except where there was a 
numerical association. Since i t  is the custom for contemporary 
textbook authors to seek the attention of the majority of young 
readers by photographs and illustrations relating to the appiic_ 
ations of components and simple circuits, it  may be that the 
"Mathematic", less amenable to visual material, simply ignores 
these textbook features.
It is desirable that the teacher attempt to counter the 
prejudiced attitude of the extreme "Mathematics!/, and try to 
persuade them to adopt a more tolerant and flexible attitude.
One way of reaching their attention is through the historical 
facts which can be made interesting to most young learners. The 
tendency of the strong "Mathematic" to scorn practical electrical 
applications and non-mathematical activities might be restrained 
i f  they were made aware of the alternative non-mathematical 
approaches of major electrical pioneers like Volta, Henry, and 
Faraday. If as part of their class work, their teacher could 
offer for reading and consideration extracts from some of the 
pioneers' papers which made known for the first time new fundamen­
tal electrical discoveries, even the most extreme of the "Mathematics" 
might be persuaded to reconsider their tendency towards a condescend­
ing attitude to the physical, qualitative, visualizing approach to 
electrical studies. Both "Visualizers" and "Mathematics" could be 
interested in such topics as Faraday's speculation on the nature of 
the lines of force between charged bodies. The "Visualizers"
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among the pupils are likely to be particularly interested in the 
manner in which Faraday's philosophical concept was given diagram­
matic form by Maxwell in the drawings he included in the Elementary 
Treatise on Electricity; and the "Mathematic” would be pleased by 
Maxwell's confident translation of Faraday's ideas into mathematical 
reasoning. Even the strongest of the “Mathematics" would appreciate 
the fact that Maxwell's mathematic equations could not have been 
formulated without the ideas having been originated at an earlier 
stage in a non-mathematical manner.
If the young “Mathematic" were persuaded to look into some of 
the papers of Maxwell and William Thomson, they might find themselves 
drawn to a more tolerant attitude when they learned of the respect 
which those distinguished mathematicians held for the non-mathematic, 
practical researcher, Faraday. Those pupils who took pride in their 
facility in calculation and facility  in applying mathematical express­
ions might experience a rewarding progression in their electrical 
studies i f  they followed the interpretation of Faraday's theory on 
the Lines of Force offered by Maxwell in the fourth section of his 
Elementary Treatise on Electricity, (The Electric Field)', and the 
fifth section (Faraday’s Lines of Induction). In a ll probability, 
the more advanced of the "Mathematics" would appreciate William 
Thomson's youthful paper of 18^ +6 “On the Mathematical Theory of 
Electricity in Equilibrium" (Cambridge and Dublin Mathematical Journal 
November, l8*t6).
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School Pupils Use of Textbooks
Some of the pupils did appreciate the value of the books, 
both those 'officially recommended' and those which they 
discovered for themselves, and made such reading part of their 
programme of study. One 6th form boy at an Oxford college- 
linked school, "Phil", spoke of making regular use of textbooks, 
and compared different examples in the school library, and of 
his realization that their contents could usefully supplement 
the information gained in the classroom. Although identified 
as having "Mathematic" bias, he was particularly interested in 
obtaining alternative examples of diagrams.
Extract No. 50
I. Are there any which you particularly like or dislike?
S. Yes. The Muncaster one is extremely good.
I . What is good about it?
S. The lay-out. The diagrams are very good. It is shaded,
not just straight lines. The diagrams are easy to understand.
I. And are there books which you can criticise in regard to
the diagrams?
S. Yes. We have two textbooks, one of them most of us don't
like. I can';t remember what it 's  called, but there aren't that 
many diagrams - it 's  mainly text. The diagrams are small, and 
they're not 3-di i^mentional or shaded. c'f
k .16
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Those pupils who had adoped the habit of reading regularly 
for themselves in the textbooks without specific instructions 
to do so, undoubtedly obtained a firmer framework of electrical 
knowledge, and experienced fewer problems in understanding the 
fundamentals; moreover, when they did meet such problems they 
had confidence in their own ability to extract the desired 
explanation. I was interested to learn i f  such students could 
offer suggestions for improvements to the textbooks they used, 
in line with their own immediate requirements.
A sixth form boy, "Tim”, a pupil at an Oxford college- 
linked school, was asked:
Extract No. 31
I. I am interested to gather comments on possible improve­
ments, could you suggest what would assist you?
S. It sounds funny, but - I think maybe some colour. Maybe 
different colours in diagrams. I don’t mean that i t  has to be 
in full colour, only different colours. Say red and blue, 
rather than just plain black and white pictures: like they have 
in Scientific American.
"Magnus” at a private school, believed that much of his 
information on electricity and electronics was the result of 
his own textbook reading:
.222
E x tr a c t  N o. 32
I. Is textbook study something which you take to easily?
S. Yes. I don't mind taking up a textbook and reading i t .  It
takes me a l it t le  time to get new ideas, like when I first came 
across FETS. Once I got i t ,  I found it  very easy. The explanations 
vary, but on the whole they tend to say not very much in a lot of words.
Although many of the pupils interviewed pieferred to be independent 
of the teacher, when faced with the need for information only a few 
reported satisfaction in their unguided researches in the textbooks.
A characteristic account was given by a 5th year pupil at a private 
school, "Willie", who had just begun the study of transistors and 
realized that he was confused about their mode of action:
Extract No. 33
"I first of a ll went to a book, but actually, i t  wasn't 
much good. Then - I'm doing a Nuffield course - I got i t  from the 
notes. We're given files of notes, and within two or three days 
I understood transistors.
DISCUSSION 
Use of Textbooks
if, 17  Pupils did not make full use of textbooks which could assist them. 
Not many spoke of regularly studying from them, and there was evidence 
of a decided reluctance to prepare each topic from the recommended or 
approved text. It would seem that some of the well-established and 
respected textbooks are "tolerated" by pupils rather than appreciated 
for their qualities. They are consulted by direction, or when assistance 
with difficulties is  not readily obtained elsewhere. The habits and 
sk ills involved in abstracting information from textbooks are not much 
cultivated by the majority of those I talked with. Several times the 
pupils confided to me that they found it  difficult to obtain the informat 
ion 'they sought from the texts read.
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PRACTICAL WORK
¿+.18
The value of practical work in the laboratory was better 
appreciated by those pupils who had made a hobby of electical construct­
ions. Their background experience allowed them to undertake experiments 
and to follow demonstrations with greater confidence knowing that they 
understood the functions of the components used, and they usually had some 
knowledge of the simpler measuring instruments which allowed them to use 
the laboratory equipment more easily. Among their peers, those with hobby 
experience were regarded with considerable respect, and that allowed them 
to enjoy a feeling of superior achievement. I got the impression that 
their desire to retain this in itia l advantage encouraged them in a full 
commitment to the practical work.
One 6th form boy, "Tim", attending an Oxford college-linked school, 
who was preparing for the Oxford and Cambridge examination, had had 
several years electrical construction experience. He was critical of 
the limited opportunities given for personal experiment. The more 
advanced experimental work at his laboratory was demonstrated by the 
teacher, and that he regarded as unsatisfactory:
Extract No. 3**
S. Mr. . . .  does a couple of experiments for us, and of course the
class crowds round him - le t's  say it  is  about five feet away, and you 
can't quite see i t ,  or feel i t .  It is better to have a circuit and 
do i t  yourself.
I. How \\rould you arrange things?
2Zk
I . Are you than suggesting that each important theoretical princple 
involved should be done as a "hands-on" experiment?
S. Yes.
I . Do you use oscilloscopes in your laboratory?
S. Yes.
I . And have they helped you to grasp troublesome principles?
S. Yes. We used it  in Phase Shift experiments. We've done a
series of experiments. Each week a different experiment. In one
you try to make a circle on the oscilloscope to show a 90 degree 
sh ift. It's quite useful then, because you can see the circuit performing 
and by changing a slight amount of capacitance . . .  Oscilloscopes are 
great. I'd like to have one.
Another 6th form boy at the same school, "Phil", who had had several 
years experience of electrical hobby constructions, felt that his colleag­
ues suffered from having too l i t t le  practical experience, and that the 
time-tables for Physics at his school should allow a larger proportion 
of practicáis. (Two periods out of seven per week) He spoke of assisting 
fellow pupils with their difficulties in coping with the experiments 
in the laboratory.
Extract No. 35
S. The thing that most people seem to get wrong is the wiring up 
of circuits in practicáis. They get problems with that.
I . What are the problems?
S. They join the wires in the wrong places.
I. Do you know why they make those mistakes?
S. It's not following the diagram. We've not actually ever been
taught how to wi£e a circuit. That would be a good thing to have in 
a practical.
By contrast, a private school pupil, 'tyillie", who had no electrical 
hobby background, felt that he attended too many practicáis, and that
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they were undertaken with an inadequate theoretical preparation. He also 
saw the need for a teacher's summary, and explanatory commentary at 
greater length on the laboratory experiments. He was asked, in connect­
ion with his course work:
Extract No. 36
I. Do you find it  balanced? Theory as compared with practical work?
S. I . . .  I've been thinking this out: and quite honestly, I think
the weakness is that we do too many practicáis. You can end up doing a 
practical, and after getting results, the right results, not understanding 
what you've done.
I. It's  interesting. What has gone wrong? Could you te ll me?
S. I believe it  goes back to the basics, and how it  works, what
you're doing. You should read it  up before.
I# Before the practicáis?
S. Yes. Read i t  before, and after i t  analyse the answers. Whereas,
usually, as periods are set out, after you've finished your practical, 
by the time you've finished your practical, it 's  the end of the lesson.
I would much prefer to have it  a ll explained?
I . Explained?
S. Explained after the practical. I think you have to be given a
chance to try and work out your own ideas - what's happening, during the
practical.
This boy had an interesting suggestion for a project in his laborat­
ory meetings which would contribute materially to his and his colleagues' 
understanding of practical electrical studies:
Extract No. 57
S. I think it  might be a good idea i f  we had a circuit diagram, quite 
large_,_with different components in it ,  and say, over a two or three week 
period we study every piece, find out what i t  does, and eventually work
226
I .  H a v e  y o u  a  p a r t i c u l a r  c i r c u i t  i n  m in d ?
S .  N o t h in g  i n  p a r t i c u l a r .  I  t h i n k  i t  w o u ld  g i v e  me a  c l e a r e r  v ie w
o f  w h a t  c i r c u i t s  a r e  l i k e ,  a n d  h o w  t o  b u i l d  c i r c u i t s ,  a n d  ho w  t o  t r e a t  
t h e  i n d i v i d u a l  p i e c e s .
A 6 t h  f o r m  b o y ,  " N i c h o l " ,  w ho  w a s  p r e p a r in g  f o r  t h e  O x f o r d  a n d  
C a m b r id g e  b o a r d 's  A - l e v e l  e x a m in a t io n ,  w a s  d ra w n  t o  e l e c t r i c a l  c i r c u i t s  
b e c a u s e  o f  h i s  i n t e r e s t  i n  e l e c t r o n i c  m u s ic .  He h a d  v e r y  l i t t l e  e x p e r ­
ie n c e  o f  e l e c t r i c a l  c o n s t r u c t i o n s ,  a n d  t h a t  w as  u s i n g  p r e p a r e d  m o d u le s  
r e q u i r i n g  o n l y  i n t e r c o n n e c t i o n .  He w is h e d  h i s  l a b o r a t o r y  p e r io d s  t o  
p r o v id e  m o re  i n s t r u c t i o n  o n  t h e  m a n n e r  i n  w h ic h  c o m p o n e n ts  f u n c t i o n e d  
w i t h i n  c i r c u i t s .  He h a d  som e d i f f i c u l t y  w i t h  b o t h  c a p a c i t o r s  a n d  
i n d u c t o r s ,  a n d  a l t h o u g h  h e  f e l t  h e  h a d  g r a s p e d  t h e  t h e o r e t i c a l  p r i n c i p l e s ,  
h e  w a s  a w a re  t h a t  w h a t  h e  h a d  le a r n e d  w a s  q u i t e  r e m o te  f r o m  p r a c t i c a l  
a p p l i c a t i o n s ;  h o w e v e r ,  h e  w as- e n t h u s i a s t i c  a b o u t  o n e  e x te n d e d  p r o j e c t  
h e  h a d  r e c e n t l y  b e e n  i n v o l v e d  w i t h  i n  t h e  l a b o r a t o r y :
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S .  Some o f  t h e  t h i n g s  i n  c la s s  w e re  e x a c t l y  r i g h t ,  I ' d  s a y .
I .  S u c h  a s ?
S .  We d i d  a  b a s i c  s t u d y  o f  t h e  c o m p o n e n ts  o f  a  r a d i o  -  b r o a d c a s t i n g
a n d  r e c e i v i n g  s y s t e m ,  a n d  I  f o u n d  t h a t  i n c r e d i b l y  i n t e r e s t i n g .  We g o t  
t h e  m o d u la t io n ,  a n d  t h e  b e a t  f r e q u e n c y ,  a n d  t h e  c a r r i e r - w a v e ,  a n d  o t h e r  
t h i n g s •
I .  A n d  t h i s  b r o u g h t  t h e  u s e  o f  t h e  c o m p o n e n ts  hom e f o r c e f u l l y ?
S .  Y e s ,  t h e  c o m p o n e n ts  o f  t h e  s y s te m ,  c a p a c i t o r s  a n d  w h a t  n o t  h a d
b e e n  t o t a l l y  i s o l a t e d ;  w h e n  we t a l k e d  -h b o u t  c a p a c i t o r s  we j u s t  p r o v e d  
how  t h e  c h a r g e  g o e s  a n d  e v e r y t h i n g ,  b u t  t h e y  w e r e n ' t : i n  r e a l  c i r c u i t s .
T h e n  w i t h  t h e  r a d i o  c i r c u i t ,  i t  w as  t h e  f i r s t  t im e  o n  t h e  A - l e v e l  
c o u r s e ,  we g o t  a n  a c t u a l  c i r c u i t .
T h is  t e a c h e r - g u id e d  a n a l y s i s  o f  a  s u p e r h e t r o d y n e  r a d i o  c i r c u i t
out how the whole thing works.
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h a d  w i t h o u t  d o u b t  p r o v id e d  t h e  p u p i l  a n d  h i s  c o l le a g u e s  w i t h  a  g e n u in e  
i n s i g h t  i n t o  a p p l i c a t i o n s  o f  t h e  s im p le  c o m p o n e n ts  t h e y  h a d  p r e v i o u s l y  
s t u d i e d ,  a n d  w as m o re  m e m o ra b le  t h a n  a n y t h in g  p r e v i o u s l y  l e a r n e d  i n  
c l a s s .  T h is  p a r t i c u l a r  p u p i l  w a s  s o r r y  t h a t  t h e  l e n g t h  a n d  t im e t a b le  
o f  h i s  c o u r s e  c o u ld  n o t  a l l o w  r e p e t i t i o n s  o f  t h i s  p r o j e c t ,  a n d  e x p r e s s e d  
t h e  o p i n i o n  t h a t  i t  w o u ld  b e  h i g h l y  d e s i r a b l e  f o r  t h e o r e t i c a l  s t u d i e s  
t o  b e  im m e d ia t e ly  f o l l o w e d  b y  som e d e m o n s t r a t i o n  o f  p r a c t i c a l  a p p l i c a t ­
i o n  i n  t h e  l a b o r a t o r y .
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DISCUSSION 
P r a c t i c a l  W o rk
W it h  t h e  e x c e p t i o n  o f  t h o s e  o f  s t r o n g  " M a t h e m a t ic "  t e n d e n c ie s ,  
a n d  o n e  p u p i l  w ho  b e l i e v e d  h e  w a s  t a k i n g  p a r t  i n  t o o  m a n y  u n p r o d u c t i v e  
l a b o r a t o r y  m e e t in g s ,  t h o s e  i n t e r v i e w e d  r e c o g n iz e d  t h e  v a lu e  o f  t h e  
p r a c t i c a l  w o r k ,  a n d  t h e  w e ig h t  o f  o p i n i o n  w as t h a t  t h e y  w o u ld  b e n e f i t  
f r o m  m o re  o f  i t *  D e m o n s t r a t io n s  b y  t e a c h e r s  o r  t e c h n i c i a n s  w e re  n o t  
p o p u la r ,  a l t h o u g h  i t  w a s  u n d e r s t o o d  t h a t  r e s t r i c t i o n s  o n  t im e  a n d  
e q u ip m e n t  s o m e t im e s  m ade t h i s  n e c e s s a r y .  B o th  t h o s e  w i t h  a  b a c k g r o u n d  
o f  c o n s t r u c t i o n  e x p e r ie n c e  a n d  t h e  a b s o lu t e  b e g in n e r s  h a d  a  s t r o n g  
i n c l i n a t i o n  t o  h a n d le  c i r c u i t s  a n d  t o  d i s c o v e r  p e r s o n a l l y ,  a n d  t h e r e  
a r e  g o o d  g r o u n d s  f o r  b e l i e v i n g  t h a t  t h e y  d i d  w is h  t o  u s e  t h e  l a b o r a t o r y
t im e  t o  c o n f i r m  t h e  k n o w le d g e  w h ic h  t h e y  h a d  a c q u i r e d  t h e o r e t i c a l l y  i n
t h e  c la s s r o o m  o r  f r o m  r e a d in g *
U n f o r t u n a t e l y  t h e  f i n a n c i a l  r e s t r a i n t s  o n  s c h o o l  s p e n d in g  s e v e r e l y  
l i m i t  t h e  n u m b e r  o f  m o re  c o s t l y  i t e m s  o f  e q u ip m e n t  a v a i l a b l e  f o r  p u p i l  
u s e ;  n e v e r t h l e s s ,  i t  i s  e a s y  t o  s y m p a th is e  w i t h  " T im " w h o  w a s  c r i t i c a l  
o f  t h e  m o re  a d v a n c e d  e x p e r im e n t s  b e in g  a lw a y s  p e r fo r m e d  b y  t h e  t e a c h e r :  
. * .  "T h e  c l a s s  c r o w d s  r o u n d  h im ,  • • •  a n d  y o u  c a n ' t  q u i t e  s e e  i t  o r  
f e e l  i t . "  ( E x t r a c t  N o .  3 *0
A l l  b u t  o n e  o f  t h e  s c h o o ls  v i s i t e d  u s e d  a n  o s c i l l o s c o p e  i n
d e m o n s t r a t i o n s .  T h is  w a s  m u ch  a p p r e c ia t e d  b y  t h e  p u p i l s ,  w ho u n d o u b t e d ly  
c a r r i e d  f r o m  s u c h  e x p e r im e n t s  a  m o re  m e m o ra b le  im p r e s s io n  t h a n  a n y  
s t a t i c  r e p r e s e n t a t i o n  w o u ld  p e r m i t .  T h o s e  o f  s t r o n g e s t  " V i s u a l "  
t e n d e n c ie s  p r o b a b ly  a r e  m o s t  g r a t i f i e d  b y  t h e  o s c i l l o s c o p e  d e m o n s r a t io n s , 
b u t  o t h e r s  c e r t a i h l y  b e n e f i t  b y  t h e  e x c i t e m e n t  o f  t h i s  d y n a m ic  p r e s e n t a t ­
i o n .  T h e  e n t h u s ia s m  o f  " T im "  com e s  a c r o s s  c l e a r l y  i n  E x t r a c t  N o .  3 5  
w h e n  h e  t a l k e d  o f  t h e  p h a s e  s h i f t  e x p e r im e n t s  w h ic h  w e re  r e n d e r e d  
m e a n in g f u l  w h e n  h e  s a w  th e m  p h y s i c a l l y  s h o w n  o n  t h e  c a th o d e  r a y  t u b e .
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T h e  im p o r t a n c e  o f  a d e q u a te  e x p la n a t i o n  o f  w h a t  w as t o  b e  u n d e r ­
t a k e n  i n  t h e  p r a c t i c a l s ,  a n d  o f  a p p r o p r i a t e  s u p e r v i s i o n ,  w a s  b r o u g h t  o u t  
i n  t h e  c o n v e r s a t i o n  w i t h  " W i l l i e "  i n  E x t r a c t  N o . 36 .  F o r  t h o s e  l i k e  
h i m s e l f ,  w ho h a d  l i t t l e  o r  n o  e l e c t r i c a l  h o b b y  b a c k g r o u n d ,  i t  w as  d i f f i c u l t  
t o  g e t  t h e  b e s t  o u t  o f  e x p e r im e n t s  w h e n  r e l y i n g  o n  a  p e r s o n a l ,  a n d  r a t h e r  
s h a k e y  t h e o r e t i c a l  k n o w le d g e .  He w a s  s u f f i c i e n t l y  t h o u g h t f u l  t o  h a v e  
a n a ly s e d  h i s  ow n d i f f i c u l t i e s ,  a n d  t o  h a v e  r e c o g n iz e d  t h a t  m an y  l a b o r a t o r y  
e x p e r im e n t s  a r e  i n  t h e  f o r m  o f  o b s e r v a t i o n  a n d  m e a s u re m e n t  w h ic h ,  i f  
c o n s c i e n t i o u s l y  c a r r i e d  o u t ,  c a n  p r o d u c e  " t h e  r i g h t  r e s u l t s "  b u t  w h ic h  
a r e  o f  l i t t l e  w o r t h  b e c a u s e  t h e  t h e o r y  u p o n  w h ic h  t h e y  a r e  b a s e d  i s  n o t  
t h o r o u g h l y  u n d e r s t o o d .
A l t h o u g h  " W i l l i e "  s p o k e  o f  " t o o  m a n y  p r a c t i c a l s " ,  w h a t  h e  im p l i e d  
w as t h a t  t h e r e  w ere t o o  m a n y  p r a c t i c a l s  w h ic h  w e re  n o t  a d v a n ta g e o u s  t o  
h im  p e r s o n a l l y .  H i s  c a l l  f o r  m o re  i n s t r u c t i o n  o r  g u id a n c e  i n  p r e p a r a t i o n  
f o r  t h e  e x p e r im e n t s  i s  w o r t h y  o f  n o t i c e ,  a s  i s  h i s  w is h  f o r  a  f i n a l  
c o m m e n ta ry  b y  t h e  t e a c h e r  c o n c e r n in g  w h a t  w as a c h e iv e d  b y  t h e l a b o r a t o r y  
e x p e r im e n t s .
O ne r e g u l a r  co m m e n t f r o m  t h e  p u p i l s  w a s  t h a t  t h e y  w is h e d  t o  h a v e  
m o re  i n s t r u c t i o n  o n  t h e  c o m p o n e n ts ' f u n c t i o n s  w i t h i n  t h e  c i r c u i t s  ( a s  
o p p o s e d  t o  t h e  a b s t r a c t  t h e o r e t i c a l  c o n s i d e r a t i o n s . )  T h e  i n t e r e s t  a n d  
c u r i o s i t y  o f  p u p i l s  i s  s t im u l a t e d  b y  w o r k in g  m o d e ls ,  a n d  t h e i r  ow n d e s i r e  
t o  h a v e  a n  a u t h o r a t i v e  c o m m e n ta r y : ' o n  th e m  i s  c l e a r l y  b r o u g h t  o u t  i n  t h e  
r e q u e s t  f o r  a n  e x te n d e d  e x a m in a t io n  o f  a  p a r t i c u l a r  c i r c u i t  ( E x t r a c t  N o .  3 7 )»  
a n d  t h e  e n th u s ia s m  o f  " N i c h o l " ,  w h e n  s p e a k in g  a b o u t  t h e  a n a l y s i s  o f  t h e  
s u p e r h e t  r q d i o  ( E x t r a c t  N o .  38) :  • • •  "W e h a d  a f e s i c  s t u d y  o f  t h e  c o m p o n e n ts
o f  a  r a d i o  -  b r o a d c a s t i n g  a n d  r e c e i v i n g  s y s te m  -  a n d  I  f o u n d  t h a t  i n c r e d i b l y  
i n t e r e s t i n g .  We g o t  t h e  m o d u la t io n  a n d  t h e  b e a t  f r e q u e n c y ,  a n d  t h e  c a r r i e r  
w a v e ,  a n d  o t h e r  t h i n g s . "
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CAPACITORS AND CAPACITANCE
4.20
The p ro n o u n c e d  " M a th e m a t ic s ”  am ong th e  p u p i l s  e x p re s s e d  in n o c e n t  
a s to n is h m e n t  t h a t  a n y o n e  c o u ld  f i n d  d i f f i c u l t y  i n  u n d e r s ta n d in g  th e  
p r i n c i p l e s  o f  c a p a c i t o r  t h e o r y .  B o th  th e  p r i v a t e  s c h o o l  p u p i l  "M u rd o c h "  
a n d  th e  u n i v e r s i t y  c o l l e g e - l i n k e d  s c h o o l  p u p i l  "R o n n y "  a s s o c ia te d  a  
f u l l y  c h a rg e d  c a p a c i t o r  w i t h  th e  f o r m u la  f o r  th e  s t o r e d  e n e r g y ,  ^Q V , 
a n d  w e re  f a m i l i a r  w i t h  th e  t h r e e  fo rm s  o f  th e  r e l a t i o n s h ip s  o f  Q,C a n d  V .  
T h e i r  r e a d in g  h a d  p r o v id e d  th e m  w i t h  a n  a c q u a in ta n c e  w i t h  th e  f a c t o r s  
w h ic h  a f f e c t  c a p a c i ta n c e  i n  th e  d ia g r a m a t ic  m o d e ls  e x h i b i t e d  i n  th e  
t e x t b o o k s ,  an d  th e y  a p p r e c ia te d  th e  im p o r ta n c e  o f  th e  d i e l e c t r i c  m a t e r i a l ,  
l a r g e l y  f r o m  h a v in g  w o rk e d  th r o u g h  m a th e m a t ic a l  p ro b le m s  c o n c e rn e d  w i t h  
th e s e  v a r i a b le s .  T h e y , t o o ,  fo u n d  d i f f i c u l t y  i n  e x te n d in g  th e  c o n c e p t  
o f  c a p a c i ta n c e  b y o n d  th e  c i r c u i t  c o m p o n e n t.
E x t r a c t  N o . 39
I .  You w i l l  re m e m b e r t h a t  v e r y  o f t e n  th e  te x tb o o k s  u s e  th e  w o rd
" C a p a c i ta n c e "  -  w hen y o u  r e a d  t h a t  w o rd ,  w h a t im m e d ia te ly  com es t o  m in d ?
S . I ' d  s a y  i t ' s  th e  m e a s u re m e n t o f  th e  co m p o n e n t i n  F a r a d s .
I .  Y e s , a n d  y o u  know  th e  fo r m u la ?
S . C = Q /V
One 6 th  fo rm  p u p i l ,  " P h i l "  p r e p a r in g  f o r  th e  O x fo r d  a n d  C a m b rid g e  
e n t r a n c e  e x a m in a t io n ,  h a d  a  d e c id e d  " M a th e m a t ic "  b i a s ,  a n d  was q u i t e  
c o n f id e n t  t h a t  he  u n d e r s to o d  th e  m e a n in g  o f  c a p a c i ta n c e :
231.
I .  C a n  y o u  t e l l  me w h a t  y o u  u n d e r s t a n d  a s  t h e  m e a n in g  o f  t h e  w o rd
’ ’C a p a c i t a n c e ” ?
S .  W e l l ,  i t ' s  i t s  a b i l i t y  t o  s t o r e  c h a r g e .  I f  i t ' s  a  l a r g e  o n e ,
i t  w i l l  b e  a b le  t o  s t o r e  m o r e .
X .  A n d  ho w  a b o u t  t h e  f o r m u la  r e l a t i n g  t o  c a p a c i t a n c e ?
S .  C e q u a ls  Q /V
Extract No. 40
T h e  m a j o r i t y  o f  p u p i l s  h a d  g r e a t e r  d i f f i c u l t y  i n  e x p r e s s i n g  i n  
w o rd s  w h a t  t h e y  u n d e r s t o o d  b y  t h e  t e r m .  B y  n o  m eans u n t y p i c a l  w as 
t h e  co m m e n t o f  a  t h o u g h t f u l  5 t h  f o r m  b o y  v/ho h a d  s p o k e n  o f  h i s  
e l e c t r i c a l  r e a d i n g :
E x t r a c t  N o .  4 l
I .  I n  y o u r  r e a d i n g  y o u  w i l l  com e u p o n  t h e  t e r m  ’ ’C a p a c i t a n c e ” ,
c a n  y o u  t e l l  me w h a t  y o u  u n d e r s t a n d  b y  t h i s  te rm ?
S .  I  w o u ld  t r e a t  i t  a lm o s t  l i k e  a  b a t t e r y .  I t  i s  h o l d i n g  c h a r g e .
I t ' s  d i f f i c u l t  . . .
I .  D o n ' t  w o r r y :  we w i l l  t u r n  t o  s o m e th in g  e l s e .
A c o l le a g u e  o f  h i s ,  w ho h a d  c o n s id e r a b le  e x p e r ie n c e  i n  e l e c t r i c a l  
c o n s t r u c t i o n s ,  c l e a r l y  d e m o n s t r a te d  t h a t  h e  a s s o c ia t e d  t h e  w o rd  w i t h  t h e  
c o m p o n e n ts  h e  w a s  a c c u s to m e d  t o  h a n d le  i n  h i s  p r a c t i c a l  w o r k :
E x t r a c t  N o .  4 2
I .  Nov/ t h e  t e r m  ’ ’C a p a c i t a n c e ”  i s  m u ch  u s e d  i n  t e x t b o o k s  a n d  c i r c u i t
d e s c r i p t i o n s :  c a n  y o u  t e l l  me how  y o u  t h i n k  o f  i t ,  a n d  w h a t  i t  m eans t o
y o u ?
S .  I t ' s  a  s o r t  o f  m e a s u re m e n t  o f  t h e  p e r m i t t i v i t y  o f  a n  i n s u l a t o r ,
t h e  w i d t h  o f  a n  i n s u l a t o r ,  a n d  t h e  a r e a  o f  t h e  p l a t e s  -  t h e  l a r g e r  t h e  
c a p a c i t a n c e ,  t h e  l a r g e r  t h e  c a p a c i t o r .
'T h e " c h a r g e  a n d  d i s c h a r g e  o f  t h e  c a p a c i t o r  w as f r e q u e n t l y  c o n s id e r e d  
i n  t h e  s e n s e  o f  ’ ’e n e r g y  s t o r a g e ” .  O ne p r i v a t e  s c h o o l  p u p i l  i n  t h e  6 t h  f o r m ,
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w ho h a d  b e e n  i d e n t i f i e d  a s  b e in g  i n  t h e  " V i s u a l i z e r "  c a t e g o r y ,  o n  
b e in g  s h o w n  t h e  s im p le  c i r c u i t  o f  t h e  b a t t e r y  c o n n e c te d  w i t h  a  s w i t c h ,  
r e s i s t o r ,  a n d  c a p a c i t o r ,  i n  s e r i e s ,  w as  a s k e d :  "W h a t  w i l l  h a p p e n  w h e n
we c lo s e  t h e  s w i t c h ” , r e p l i e d :
E x t r a c t  N o ,  *t3
S .  W e l l ,  m y im m e d ia te  a n s w e r  w o u ld  b e  t h a t  t h e  c u r r e n t  w i l l  f l o w
f r o m  t h e  p o s i t i v e  t h r o u g h  t h e  m e t e r  a n d  r e s i s t o r ,  a n d  t h e n  i t  w i l l
r e a c h  t h e  c a p a c i t o r .  I  t h i n k  I 'm  r i g h t  i n  s a y in g  t h a t  t h e  c a p a c i t o r  w i l l
b e  c h a r g e d .
I .  A n d  t h a t  m ea ns  w h a t?
S .  T h a t  som e e n e r g y  i s  b e in g  s t o r e d .
I .  C o u ld  we t a k e  t h a t  a  l i t t l e  f u r t h e r :  w h a t  d o e s  " e n e r g y  i s  b e in g
s t o r e d "  m ean t o  y o u ?
S .  . . .  w e l l ,  I  t h i n k  i t  m ea ns  p o t e n t i a l  e n e r g y .
A l i t t l e  l a t e r  h e  w a s  a s k e d  a b o u t  t h e  d i s c h a r g i n g  o f  t h e  c a p a c i t o r :
E x t r a c t  N o .  M f
1 .  L e t ' s  l o o k  a t  t h i s  c i r c u i t  a g a in :  s u p p o s e  we h a v e  c h a r g e d  t h e
c a p a c i t o r  f u l l y ,  t h e n  we p r o c e e d  t o  d i s c h a r g e  i t  b y  o p e n in g  t h e  s w i t c h .  
C a n  y o u  g i v e  som e a c c o u n t  o f  w h a t  h a p p e n s ?
S .  I  w o u ld  s a y  t h a t  i t  i s  t a k i n g  a w a y  t h e  e n e r g y  s t o r e d  i n s i d e .
I .  I  w o n d e r  i f  y o u  c o u ld  d e s c r ib e  w h a t  t a k e s  p l a c e  i n  t h e  c i r c u i t .
S .  I s n ' t  i t  t h a t  e l e c t r o n s  f l o w  a w a y  f r o m  th e  c a p a c i t o r ?
I .  A n d  w h e re  d o  t h e y  f l o w  t o ?
S .  T o  t h e  b a t t e r y .
L i k e  m a n y  o t h e r s  w ho w e re  w e a k  o n  t h e  p h e n o m e n a  a s s o c ia t e d  w i t h  t h e  
c h a r g i n g  a n d  d i s c h a r g i n g  o f  c a p a c i t o r s ,  t h i s  p u p i l  h a d  re m e m b e re d  t h e  
g e n e r a l i z i n g  d e s c r i p t i o n ,  b u t  m ade n o  m e n t io n  o f  t h e  v o l t a g e  b u i l d i n g  u p  
a c r o s s  t h e  c a p a c i t o r ,  n o r  o f  t h e  p r o p e r t y ,  c a p a c i t a n c e .  W hen a s k e d  w h a t  
t h e  t e r m  " C a p a c i t a n c e "  m e a n t t o  h im ,  h e  r e p l i e d  i n  som e c o n f u s io n :
" C a p a c i t a n c e  i s  Q o v e r  . . .  N o . . . .  Q e q u a ls  C o v e r  t h e  p o t e n t i a l  
d i f f e r e n c e "
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A te n d e n c y  n o t e d  a m o ng  m a n y  p u p i l s  w a s  t h e  a p p a r e n t  c o n t e n t m e n t  
w i t h  a  v a g u e , g e n e r a l i z i n g  c o n c e p t  o f  " c h a r g e " ,  w i t h o u t  a n y  r e f e r e n c e  
t o  t h e  f a c t o r s  a f f e c t i n g  c a p a c i t a n c e ,  w h ic h  w as u s e d  t o  d e s c r ib e  o r  
e x p l a i n  t h e  p r o c e s s e s  o f  c a p a c i t o r  c h a r g i n g  a n d  d i s c h a r g i n g .  One i n s t a n c e  
o f  t h i s ,  c h a r a c t e r i s t i c  o f  n u m e ro u s  o t h e r  e x a m p le s ,  w as  t h e  r e s p o n s e  o f  
a  f i f t h  f o r m  p r i v a t e  s c h o o l  p u p i l  w h e n  q u e s t io n e d  a b o u t  a  s im p le  c a p a c i t i v e  
c i r c u i t :
E x t r a c t  N o .  ^ 3
I .  L e t  u s  l o o k  a t  som e c o m p o n e n ts .  H e re  i s  a  s m a l l  c i r c u i t  w i t h  a  
c a p a c i t o r ,  I f  we a d d  a  b a t t e r y  t o  t h e  t e r m i n a l s ,  c o u ld  y o u  d e s c r ib e  
w h a t  h a p p e n s ?
S .  We w o u ld  c h a r g e  u p  o n e  p l a t e ,  a n d  t h a t  i s  i n d u c in g  a  c h a r g e  o n  
t h e  o t h e r  p l a t e  o f  t h e  o p p o s i t e  c h a r g e  -  p u s h in g  t h e  o r i g i n a l  c h a r g e ,  
t h e  sam e q u a n t i t y ,  t h r o u g h  o n  t h e  o t h e r  s i d e .
T h o s e  p u p i l s  w ho h a d  e x p e r ie n c e  o f  c o n s t r u c t i n g  c i r c u i t s  a s  a  
h o b b y  d i d  p o s s e s s  a  c l e a r e r  k n o w le d g e  o f  t h e  f a c t o r s  a f f e c t i n g  c h a r g e  
s t o r a g e ,  a n d  h a d  a  b e t t e r  g r a s p  o f  t h e  a b s t r a c t  c o n c e p t  " C a p a c i t a n c e " ,  
b u t  r a r e l y  d i d  t h e y  m e n t io n  a n y  u n i t s  o r  r e f e r  t o  a n y  m a t h e m a t ic a l  
e x p r e s s i o n .  A n  e x a m p le  i s  t h e  c o n v e r s a t i o n  w i t h  a  6 t h  f o r m  b o y ,  a n  
i d e n t i f i e d  " V i s u a l i z e r "  w ho  h a d  d o n e  m u c h  k i t  b u i l d i n g .
E x t r a c t  N o .  4 6
( F o l l o w i n g  a  r e f e r e n c e  t o  t h e  t y p e s  o f  c a p a c i t o r s  h e  h a d  u s e d  i n  p r o j e c t s )
I .  T h e y  h a v e  o n e  t h i n g  i n  com m on -  c a n  y o u  com m e n t?
S .  I t  i s  t o  s t o r e  c h a r g e .
I .  Y e s .  L e t ' s  c o n s id e r  t h e  a m o u n t o f  c h a r g e  s t o r e d .  W h a t d e c id e s
t h e  a m o u n t t h a t  a  d e v ic e  o f  t h i s  s o r t  c a n  h o ld ?
T h o s e  w i t h  l e s s  c o n s t r u c t i o n a l  e x p e r ie n c e  o f t e n  d e m o n s t r a te d  a  
c o n s id e r a b le  v a g u e n e s s  a b o u t  t h e  n a t u r e  o f  c h a r g in g  a n d  d i s c h a r c h in g  
t h e  c a p a c i t o r  b e y o n d  t h e  s i m p l i f i e d  e l e c t r o n  f l o w  d e s c r i p t i o n s  o f f e r e d  
b y  t h e  t e x t b o o k s  a s  a n  i n t r o d u c t o r y  m o d e l o f  t h e  p h y s i c a l  s i t u a t i o n .
A n e x a m p le  o f  t h i s  w a s  g i v e n  b y  " N i c h o l " ,  p r e p a r in g  f o r  t h e  N u f f i e l d  
A d v a n c e d  P h y s ic s  e x a m in a t io n ,  w ho e x h i b i t e d  a  " V i s u a l i z e r "  b i a s .
W hen s h o w n  t h e  s im p le  c a p a c i t i v e  c i r c u i t  a n d  a s k e d :  " C o u ld  y o u  t e l l  j
me s o m e th in g  o f  w h a t  h a p p e n s  w h e n  we c o n n e c t  a  b a t t e r y  t o  t h e s e  
t e r m i n a l s ,  h e  r e p l i e d :
E x t r a c t  N o .  k7
I .  C a n  y o u  t e l l  me s o m e th in g  a b o u t  t h e  c u r r e n t  i n  t h i s  c i r c u i t ?
S .  W e l l ,  t h e  c a p a c i t o r  w i l l  c h a r g e  u p  . . .  c h a r g e  i s  f l o w i n g
o n t o  t h e  c a p a c i t o r ,  t h e r e f o r e  i t  w i l l  f l o w  t h r o u g h  t h e  a m m e te r ,  a n d  
o n c e  i t  h a s  b e co m e  c h a r g e d ,  t h e  c u r r e n t  w i l l  s t o p  f l o w i n g .
I .  W hy d o e s  i t  s t o p  f l o w in g ?
S .  B e c a u s e  t h e  tw o  p l a t e s  h a v e  o p p o s i t e  c h a r g e s ,  a n d  t h e r e  i s  a
f i e l d  b u i l t  u p  o n  t h e  n e g a t i v e  p l a t e  w h ic h  o p p o s e s .
I .  O p p o s e s  w h a t?
S . A n y  m o r e • c h a r g e .
I .  How d o  y o u  t h i n k  o f  t h i s  p h e n o m e n o n  " c h a r g e 11?
S .  I  t h i n k  o f  i t  a s  s o m e th in g  m o v in g  o n t o  i t .
I .  S o m e th in g ?
S e E l e c t r o n s .
T h e  sam e p u p i l  h a d  a  l i m i t e d  a n d  r a t h e r  u n c e r t a i n  u n d e r s t a n d in g  o f  
c o n c e p t  " C a p a c i t a n c e "  a n d  i t s  m a t h e m a t ic a l  r e l a t i o n s h i p s .  A s k e d  hov;
h e  w o u ld  e x p l a i n  " C a p a c i t a n c e " ,  h e  r e p l i e d :
2i3*f
S. The capacitance and the voltage across it .
S .  I n  te r m s  o f  a  p a r a l l e l  p l a t e  c a p a c i t y ,  y o u  r e l a t e  i t  t o  t h e  
a r e a  o f  t h e  p l a t e s ,  a n d  t h e  d i s t a n c e  b e tw e e n  th e m .
I .  Y e s .  C a n  y o u  go  o n ?
S .  A  l o t  o f  p e o p le  s a y  i t  i s  t h e  a b i l i t y  t o  s t o r e  c h a r g e .  I t
i s  i n  e f f e c t  t h e  r a t i o n  o f  t h e  v o l t a g e  a p p l i e d  t o  t h e  c h a r g e .  T h e r e
i s  a  f o r m u la  f o r  i t .
I .  Do y o u  re m e m b e r  i t ?
S .  . . . .  I  d i d  k n o w  i t  . . .
I .  T h a t ' s  a l l  r i g h t ;  i t  d o e s n ' t  m a t t e r .
"R o n n y V ,  a  6t h  f o r m  c o l l e g e - l i n k e d  s c h o o l  p u p i l ,  o f  " M a t h e m a t ic "  
b i a s ,  k n e w  o f  t h e  m a t h e m a t ic a l  r e l a t i o n s h i p s ,  a n d  s p o k e  w i t h  c o n f id e n c e  
i n  c o m m e n t in g  o n  t h e  d ia g r a m  o f  t h e  c a p a c i t o r  b e in g  c h a r g e d ;
E x t r a c t  N o .  ^9
I .  I f  we c lo s e  t h e  s w i t c h ,  h o w  w o u ld  y o u  d e s c r ib e  t h e  r e s u l t ?
S .  T h e  c a p a c i t o r  w i l l  b e  c h a r g e d :  p o s t i v e  c h a r g e  o n  o n e  s id e  a n d
n e g a t i v e  c h a r g e  o n  t h e  o t h e r ,  t h e y  w i l l  e q u a l  t h e  b a t t e r y  e . m . f .
I .  D o e s  t h a t  h a p p e n  in s t a n t a n e o u s ly ?
S .  N o t  i n s t a n t a n e o u s l y  -  t h e  t im e  i t  t a k e s  d e p e n d s  o n  t h e
c a p a c i t a n c e  a n d  t h e  r e s i s t a n c e .  T h e r e  i s  a n  e x p o n e n t i a l  v a r i a t i o n  
u n t i l  t h e  c a p a c i t o r  i s  f u l l y  c h a r g e d .
I .  C a n  y o u  t e l l  me a  l i t t l e  m o re  a b o u t  t h a t ?
S .  W e l l ,  t h e r e ' s  a  t im e  c o n s t a n t  f o r m u l a ,  T  = EC T h a t ' s  how  l o n g
i t  - th k e s  t o  c h a r g e  t o  63$> o f  t h e  e . m . f .
O n ly»  o n e  o f  t h o s e  n o t  o b s e r v e d  t o  h a v e  a  d i s t i n c t  " M a t h e m a t ic "
t e n d e n c y  s p o k e  o f  t h e  T im e  C o n s t a n t  c u r v e ,  a n d  h i s  r e f e r e n c e  w as t h a t
o f  a  c o n fu s e d  m e m o ry  o f  c a r r y i n g  o u t  a n  e x p e r im e n t  t o  p l o t  t h e  c u r v e :
E x t r a c t  N o .  5 0
2-35
Extract No. k8
( F o l l o w i n g  c o n v e r s a t i o n  a b o u t  t h e  c a p a c i t o r ' s  a b i l i t y  t o  s t o r e  c h a r g e )
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I ,  C a n  y o u  re m e m b e r  a n y t h i n g  r e l a t i n g  t o  a  m e a s u re  o f  t h e  
c a p a c i t o r ' s  c h a r g e ?
S .  ?
I ,  D o n ’ t  w o r r y :  I  w a s  t h i n k i n g  a b o u t  t h e  T im e  C o n s t a n t .
S .  O h . I  k n o w .  I ' v e  d o n e  i t .
’ ’W i l l i e "  w as  a s k e d :
E x t r a c t  N o .  3 2
I .  Now i f  we l o o k  b e tw e e n  t h e  p l a t e s ,  d o e s  t h e  s p a c e  s e r v e  
a n y  p u r p o s e ?
S .  I t  s e r v e s  t h e  p u r p o s e  o f  a c t i n g  a s  a  t h i n g  f o r  t h e  c h a r g e  
t o  a t t r a c t  . . .  i t ’ s  l i k e  a  w in d o w  • • •  I  f i n d  i t  h a r d  t o  
e x p l a i n .
I .  D o n ' t  w o r r y ,  j u s t  t r y .
S .  I t ' s  a  s o r t  o f  r e s i s t o r .  I t  c a u s e s  p h y s i c a l  r e s i s t a n c e  
t o  c h a r g e .
A n o t h e r  p u p i l ,  a  n o n - c o n s t r u c t o r ,  w a s  r a t h e r  c o n f u s e d ,  
a n d  w as f a m i l i a r  o n l y  w i t h  t h e  i n s u l a t i n g  p r o p e r t y  o f  t h e  
d i e l e c t r i c :
E x t r a c t  N o .  55
I .  T h e r e  i s  a  s p a c e  b e tw e e n  o u r  p l a t e s  . . .
S .  T h e  d i e l e c t r i c .
I .  Y e s ,  c a n  y o u  t e l l  me a n y t h i n g  a b o u t  i t ?
S .  I t ' s  a n  i n s u l a t i n g  m a t e r i a l .
I .  Y e s ,  a n d  h a s  i t  a n y  o t h e r  p r o p e r t y ?
S .  I s  i t  t o  c o n t r o l  t h e  f l o w  o f  e l e c t r i c  c h a r g e  f r o m  t h e
n e g a t i v e  t o  t h e  p o s i t i v e ?  T h e r e  a r e  t h i n g s  l i k e  p e r m i t t i v i t y  o f  
d i f f e r e n t  m a t e r i a l s  w h ic h  w i l l  a l l o w  -  I  t h i n k  -  i f  I  re m e m b e r 
c o r r e c t l y ,  c h a r g e  t o  g o  t h r o u g h  a  c e r t a i n  t h i c k n e s s .
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4 . 2 1  A l t h o u g h  o n l y  a  fe w  o f  t h o s e  s c h o o l  p u p i l s  i n t e r v i e w e d  r e f e r r e d  
t o  h a v in g  e x p e r ie n c e d  m e m o ra b le  d i f f i c u l t i e s  i n  s t u d y i n g  t h e  n a t u r e  
o f  c a p a c i t a n c e ,  t h e r e  c a n  b e  d o  d o u b t  t h a t  m an y  w e re  a w a re  t h a t  t h e y  
h a d  o n l y  a n  u n c e r t a i n  u n d e r s t a n d in g  o f  t h e  c o n c e p t .  M o s t  o f  t h e  
p u p i l s  c o u ld  a s s o c ia t e  t h e  p h e n o m e n o n  o f  c a p a c i t a n c e  o n l y  w i t h  t h e  
c i r c u i t  c o m p o n e n t ,  t h e  c a p a c i t o r ,  s c a r c e l y  g i v i n g  c o n s i d e r a t i o n  t o  
e x a m p le s  o f  c a p a c i t a n c e  e x i s t i n g  b e tw e e n  o t h e r  s e p a r a t e d  c o n d u c t o r s  
i n  o t h e r  c i r c u m s t a n c e s .  I n  p a r t  t h i s  m ay b e  b e c a u s e  t h e  p u p i l s ’ 
a t t e n t i o n  h a d  b e e n  p r i m a r i l y  d i r e c t e d  t o w a r d s  t h e  i m p o r t a n t  f u n c t i o n s  o f  
t h e  c a p a c i t o r  i n  t h e  s im p le  c i r c u i t s  o f f e r e d  i n  t h e  t e x t b o o k  i n t r o d u c t i o n s  
t o  t h e  p h e n o m e n o n , a n d  t h e  p r a c t i c e  o f  t h e  t e a c h e r s  i n  e x p l a i n i n g  t h e  
p r i n c i p l e s  b y  m eans o f  t h e  c o n v e n ie n t l y  c o n s id e r e d  c a p a c i t a n c e  o f  t h e  
c o m p o n e n t ;  b y  t a c i t  c o n s e n t  i t  b e in g  u n d e r s to o d  t h a t  t h e  m u l t i p l i c i t y  
o f  e x a m p le s  o f  d i s t r i b u t e d  c a p a c i t a n c e  i n  w i r e s ,  a n d  l o c a l i z e d  c a p a c i t ­
a n c e  i n  a lm o s t  a l l  e l e c t r i c a l  c i r c u i t s  c o u ld  b e  s t u d ie d  a t  a  l a t e r ,  
m o re  a d v a n c e d  s t a g e .
O n ly  a  s m a l l  n u m b e r  o f  t h e  p u p i l s  a p p e a r e d  t o  b e  a b le  t o  d e s c r ib e  
m a t h e m a t ic a l ly  t h e  b e h a v io r  o f  c a p a c i t o r s  i n  c i r c u i t s .  M o s t  b e l i e v e d  t h a t  
t h e y  u n d e r s to o d  t h e  c o m p o n e n t ’ s  e s s e n t i a l  f u n c t i o n  o f  s t o r i n g  c h a r g e ,  
b u t  fe w  e x p r e s s e d  w i t h  a n y  c l a r i t y  t h e  u n d e r l y i n g  p r i n c i p l e s ,  b e y o n d  t h e  
f a c t  t h a t  t h e  c h a r g e  w o u ld  i n c r e a s e  u n t i l  t h e  p l a t e s  e q u a l l e d  t h a t  o f  
t h e  s o u r c e , w h ic h  i n  t h e i r  e x p e r ie n c e  w a s  a lm o s t  a lw a y s  a  d r y  b a t t e r y .
O n ly  a  s m a l l  n u m b e r  a p p r e c ia t e d  t h e  f a c t o r s  g o v e r n in g  t h e  c a p a c i t a n c e  
o f  p a r t i c u l a r  c o m p o n e n ts .
I t  w as  s o m e w h a t s u r p r i s i n g  t h a t  s o  fe w  p u p i l s  c o u ld  r e c a l l  t h e  
b a s i c  f o r m u la  f o r  c a p a c i t a n c e .  A l l  t h e  s c h o o l  t e x t b o o k s  s t r e s s  t h e
Capacitors and Capacitance
2^ 8
. e q u a t io n  i n  i t s  v a r io u s  fo r m s ,  a n d  th e  A - l e v e l  e x a m in a t io n  q u e s t io n s  
f r e q u e n t l y  r e q u i r e  i t s  u s e .
O ne o f  t h e  i n t e r e s t i n g  p o i n t s  w h ic h  e m e rge d  f r o m  t h e  e x c h a n g e s  
w i t h  t h e  s c h o o l  p u p i l s  i s  t h a t  t h e y  v e r y  f r e q u e n t l y  c o n fu s e  t h e  te r m s  
" C a p a c i t o r ”  a n d  " C a p a c i t a n c e " ,  u s i n g  t h e  te r m  f o r  t h e  c o m p o n e n t  w h en  
t h e  p h e n o m e n o n  w a s  i n t e n d e d .  A n  e x a m p le  o f  t h i s  i s  g i v e n  i n  E x t r a c t  
N o .  4 l ,  w h e re  " W i l l i e "  a s k e d  w h a t  h e  u n d e r s to o d  b y  " C a p a c i t a n c e "  r e p l i e d :  
" I ' d  t r e a t  i t  a lm o s t  l i k e  a  b a t t e r y .  I t ' s  h o l d i n g  c h a r g e .  I t ' s  d i f f i c u l t . .  
E v e n  t h e  " M a t h e m a t i c " ,  P h i l ,  w ho  h a d  t h e  a d v a n ta g e  o f  w i d e r  t e x t b o o k
r e a d i n g ,  w h e n  a s k e d  f o r  t h e  " m e a n in g  o f  t h e  w o rd  C a p a c i t a n c e "  r e p l i e d :
" W e l l ,  i t ' s  i t s  a b i l i t y  t o  s t o r e  c h a r g e "  and  c e r t a i n l y  in te n d e d  t h a t  t o  
a p p ly  t o  th e  c o m p o n e n t, b e c a u s e  h e  g o e s  on  t o  a d d , " I f  i t  i s  a  l a r g e  o n e , 
i t  w i l l  s t o r e  m o r e . "
A n u n e x p e c t e d ly  l a r g e  n u m b e r  o f  p u p i l s  e x h i b i t e d  a  v a g u e n e s s  a b o u t  
t h e  p r o c e s s  o f  c h a r g i n g  a n d  d i s c h a r g i n g  o f  t h e  c a p a c i t o r  b y  m eans o f  
a  b a t t e r y ,  d e s p i t e  t h e  a t t e n t i o n  g i v e n  t o  t h i s  i n  t h e  t e x t b o o k s ,  a n d  
t h e  s t a n d a r d  l a b o r a t o r y  d e m o n s t r a t i o n s .  T h is  i s  c h a r a c t e r i z e d  b y  
' /G e o r g e "  i n  E x t r a c t s  N o s .  4-3 a n d  4 4 .  H e , a n d  o t h e r  p u p i l s ,  d i d  n o t  
r e f e r  t o  t h e  v o l t a g e  a c r o s s  t h e  c a p a c i t o r ,  n o r  c o n s id e r  t h e  i n t e r r e l a t ­
i o n s h ip s  o f  t h e  f a c t o r s  a f f e c t i n g  c a p a c i t a n c e .  W h i le  t h e  m o re  e x p e r ie n c e d  
h o b b y  c o n s t r u c t o r s  d i d  s h o w  som e a p p r e c i a t i o n  o f  t h e s e  f a c t o r s ,  t h e y  w e re  
r a t h e r  im p r e c is e  a n d  s e ld o m  r e f e r r e d  t o  q u a n t i t i e s  o f  u n i t s  o r  g a v e  a n y
e x a m p le s  f r o m  t h e i r  c i r c u i t  b u i l d i n g  e x p e r ie n c e .
I t  w a s  o b s e r v e d  t h a t  o n l y  t h e  " M a t h e m a t ic s "  a m o n g  t h e  s c h o o l  p u p i l s  
s h o w e d  a n  a w a re n e s s  o f  t h e  s i g n i f i c a n c e  o f  t h e  T im e  C o n s t a n t  c u r v e s  i n  
c h a r g i n g  a n d  d i s c h a r g i n g  o f  c a p a c i t o r s .  A l t h o u g h  t h e y  e x h i b i t e d  l i t t l e  
i n t e r e s t  i n  t h e  p r a c t i c a l  im p o r t a n c e  o f  t h e s e  p h e n o m e n a , t h e y  h a d  m e m o r­
i z e d  t h e  m a th e m a t ic s  ( E x t r a c t  N o .  4 9 ) .
A taong s c h o o l  p u p i l s  t h e r e  w as a  g o o d  d e a l  o f  m is u n d e r s t a n d in g  
a b o u t  t h e  n a t u r e  o f  t h e  d i e l e c t r i c  a n d  i t s  f u n c t i o n s ,  a n d ,  a p p a r e n t ­
l y ,  fe w  o f  th e m  h a d  l e a r n e d ,  o r  re m e m b e re d  t h e  r e le v a n c e  o f  t h e  
s p e c i f i c  d i e l e c t r i c  c o n s t a n t .  T h o s e  w h o  d i d  w e re  p u p i l s  w i t h  m o re  
p r a c t i c a l  e x p e r ie n c e  o f  e l e c t r i c a l  c i r c u i t  b u i l d i n g *  C h a r a c t e r i s t i c  
m is u n d e r s t a n d in g s  w e re  e x p r e s s e d  b y  p u p i l s  i n  E x t r a c t s .  N o s .  5 2  a n d
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I t  w a s  e x p e c t e d  t h a t  t h e r e  w o u ld  b e  d i f f i c u l t i e s  a n d  m is u n d e r ­
s t a n d in g s  a m o n g  t h e  s c h o o l  p u p i l s  i n  c o m p a r in g  t h e  c a p a c i t o r ' s
o
b e h a v io r  a n d e r  B . C .  a n d  A . C .  c o n d i t i o n s ;  h o w e v e r ,  n o n e  o f  t h o s e  
i n t e r v i e w e d  e x p r e s s e d  a n y  d o u b t  o r  h e s i t a t i o n  i n  t h i s  m a t t e r ,  w h ic h  
i n  t h e  p a s t  w a s  k n o w n  t o  d i s t u r b  t h e  b e g i n n e r .  P u l l  c r e d i t  m u s t  
b e  g i v e n  t o  t h e  m o d e rn  t e x t b o o k s  w h ic h  n o  l o n g e r  c a r r y  t h e  m is l e a a d -  
i n g  s t a t e m e n t  t o  t h e  e f f e c t  t h a t  a  c a p a c i t o r  w i l l  b l o c k  D .C .  b u t  
a l l o w  t h e  p a s s a g e  o f  A . C .
A s  m a n y  p u p i l s  p o s s e s s  a  m o s t  r e s t r i c t e d  c o n c e p t  o f  c a p a c i t a n c e ,  
a s s o c i a t i n g  i t  p r i m a r i l y  o r  w h o l l y  w i t h  t h e  c o m p o n e n t ,  t h e  c a p a c i t o r ,  
w i t h  w h ic h  t h e y  h a v e  b e c o m e  f a m i l i a r ,  i t  i s  d e s i r a b l e  t o  c o u n t e r  t h i s  
m is u n d e r s t a n d in g  b y  p r o v i d i n g  som e k n o w le d g e  w h ic h  w i l l  a l l o w  th e m  
t o  c o n s id e r  c a p a c i t a n c e  i n  a  m uch w id e r  c o n t e x t . t h a n  t h e  com m on c i r c u i t  
c o m p o n e n t .
O ne w a y  i n  w h ic h  t h e  p u p i l s  c o u ld  o b t a i n  a  c l e a r e r  u n d e r s t a n d in g  
o f  t h e  n a t u r e  o f  c a p a c i t a n c e  i s  f o r  th e m  t o  l e a r n  s o m e th in g  o f  t h e  
h i s t o r i c a l  s i t u a t i o n  w h e re  p i o n e e r s  p r o g r e s s i v e l y  u n r a v e l l e d  t h e  
m y s t e r i e s  o f  t h e  p h e n o m e n o n . E v e n  a  s l i g h t  a c q u a in t a n c e  w i t h  t h e  
r e c o r d s  o f  F a r a d a y 's  e x p e r im e n t s  g i v e n  i n  h i s  " L a b o r a t o r y  N o te b o o k s "  
a n d  r e p o r t e d  t o  t h e  R o y a l  S o c i e t y ,  w o u ld  a l e r t  th e m  t o  t h e  f a c t  t h a t  
h e  w as e x p l o r i n g  c a p a c i t i v e  e f f e c t s  w h ic h  a lw a y s  e x i s t  b e tw e e n  a  
c h a r g e d  b o d y  i s o l a t e d  f r o m  o t h e r  b o d ie s  ( o r  f r o m  t h e  e a r t h ) ,  a n d
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t h a t  o t h e r  r e s e a r c h e r s ,  l i k e  A m p e re , w e re  s t u d y in g  c a p a c i t i v e  
c o n d i t i o n s  a r i s i n g  f r o m  c u r r e n t s  o f  e l e c t r i c i t y  i n  c o m p le te  
c o n d u c t in g  c i r c u i t s .
I f ,  w i t h  t h e  a s s i s t a n c e  o f  c o m m e n ts  a n d  g l o s s  f r o m  t h e i r  
t e a c h e r s ,  t h e  p u p i l s  re a .d  s o m e th in g  o f  F a r a d a y 's  " L a b o r a t o r y  
N o te b o o k s "  o f  1836 a n d  1 8 3 7 »  o r  t h e  o f f i c i a l  a c c o u n t  g i v e n  t o  
t h e  R o y a l S o c i e t y  i n  t h e  1 1 t h  s e r i e s  o f  " E x p e r im e n t a l  R e s e a r c h e s "  
(D e c e m b e r ,  1 8 3 7 ) »  t h e y  c o u ld  s c a r c e l y  a v o id  b e in g  c a u g h t  u p  i n  
t h e  e x c i t e m e n t  o f  t h e  s t o r y  o f  t h e  u n f o l d i n g  o f  o n e  o f  N a t u r e 's  
s e c r e t s ,  a n d  t h e y  m ig h t  s h a r e  i n  F a r a d a y 's  s p e c u l a t i o n  o n  t h e  
q u a l i t i e s  o f  t h e  " L in e s  o f  F o r c e " ,  w h i l e  h e  c a r r i e d  o u t  h i s  
e x p e r im e n t s  w i t h  p l a t e  a n d  s p h e r i c a l  c a p a c i t o r s .  On r e a d i n g  
o f  t h e  s p e c i a l  a p p a r a t u s  w h ic h  h e  d e s ig n e d  a n d  h a d  c o n s t r u c t e d  
t o  a c c o m m o d a te  h i s  e x p e r im e n t s ,  t h e  e l e c t r i c a l  p r o p e r t i e s  w h ic h  
m ig h t  p r e v i o u s l y  h a v e  b e e n  a s s o c ia t e d  o n l y  w i t h  t h e  m e m o r iz e d
f o r m u la e ,  w o u ld ,  i n  a l l  p r o b a b i l i t y ,  b e com e  m u ch  m o re  i n t e r e s t i n g ;
0a n d , a n  e q u a t io n  l i k e  C = J : w o u ld  c e r t a i n l y  becom e m ore  m e a n in g fu l .
Y
T h o se  s t u d e n t s  who fo u n d  d i f f i c u l t y  i n  a p p r e c ia t i n g  th e  
f u n c t io n s  o f  th e  d i e l e c t r i c  c o u ld  q u i c k l y  g a in  a  b e t t e r  u n d e r ­
s t a n d in g  o f  th o s e  p r o p e r t i e s  a s  th e y  le a r n e d  o f  th e  e x p e r im e n ts  
w h ic h  F a ra d a y  c a r r i e d  o u t  o n  th e  " S p e c i f i c  i n d u c t i v e  c a p a c i t y "  
( d i e l e c t r i c  c o n s t a n t ) ,  c a r e f u l l y  r e c o r d in g  th e  m e a s u re m e n ts  
o b ta in e d  f r o m  m a t e r i a ls  s u c h  a s  g la s s ,  s u lp h u r ,  a n d  a  v a r i e t y  o f  
g a s e s , t o  com p a re  w i t h  a i r .
2kl
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T h o s e  s c h o o l  p u p i l s  w ho d e m o n s t r a te d  t h a t  t h e y  w e re  f a i r l y  
c o m p e te n t  i n  t h e i r  e l e c t r i c a l  k n o w le d g e  w erfe  a s k e d  b r i e f l y  a b o u t  
c a p a c i t i v e  r e a c t a n c e .  I t  w a s n ’ t  e x p e c t e d  t h a t  t h e y  w o u ld  h a v e  m o re  
t h a n  t h e  b a s i c  i n f o r m a t i o n  o f  t h e  p h e n o m e n o n  r e q u i r e d  b y  t h e  GCE 
b o a r d s .  T he  tw o  p r o n o u n c e d  ’ ’M a t h e m a t ic s ”  w e re  f a m i l i a r  w i t h  t h e  
f o r m u l a ,  b u t  o t h e r s  w h o  a c k n o w le d g e d  a n  a c q u a in t a n c e  w i t h  t h e  
p h e n o m e n o n  w e r e ,  a t  b e s t  t y p i f i e d  b y  t h e  r e s p o n s e  o f  a  6t h  f o r m  
O x f o r d  c o l l e g e - l i n k e d  s c h o o l  p u p i l ,  ’ ’P h i l ” , w i t h  a  c o n s id e r a b le  
!J M a th e m a t ic ”  b i a s ,  w ho  g a v e  t h i s  e x c h a n g e :
E x t r a c t  N o .  5 ^
I .  H a v e  y o u  s t u d ie d  c a p a c i t i v e  r e a c ta n c e ?
S .  Y e s ,  we h a v e .
I .  W o u ld  y o u  p r e f e r  t o  t h i n k  o f  t h e  f o r m u la ,  t h a n  t h i n k ,  o f  w h a t
h a p p e n s  p h y s i c a l l y  t o  t h e  c a p a c i t o r  u n d e r  c o n d i t i o n s  o f  r e a c ta n c e ?
S .  Y e s .  I " d  r a t h e r  j u s t  u s e  t h e  f o r m u l a .  W e l l  . . .  a s  l o n g  a s  I  
u n d e r s t o o d  -  i f  I  t h o u g h t  a b o u t  i t  -  ho w  i t  w o u ld  w o r k .
I .  S u p p o s e  s o n e  o n e  j u s t  b e g in n in g  t h e  s u b j e c t  s h o u ld  i n q u i r e  o f  
y o u ,  c o u ld  y o u  d e s c r ib e  c a p a c i t i v e  r e a c ta n c e ?
S .  I ’ d  s a y  i t  w a s  r e s i s t a n c e  t o  t h e  f l o w  o f  a . c .
A T o w e r  6t h  f o r m  p u p i l  ” T im ”  a s s o c ia t e d  r e a c t a n c e  w i t h  u n r e s o lv e d  
d i f f i c u l t i e s  i n  f a i r l y  r e c e ^ n t  s j i f h d ie s ,  a n d  b e l i e v e d  t h a t  h i s  p r o b le m s
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w o u ld  b e  a l l e v i a t e d  i f  h e  c o u ld  m a s t e r  t h e  a p p r o p r i a t e  e q u a t i o n s :
E x t r a c t  N o .  f & a
S .  We d i d  th e m  a  c o u p le  o f  m o n th s  a g o ,  a n d  I  h a v e n * t  com e r o u n d  t o
r e v i s i n g  th e m  y e t .  B u t  I  t h i n k  I ' l l  h a v e  t o  s p e n d  q u i t e  a  w h i l e  d o in g  
t h a t .
I .  Y o u  a r e  i n  a  g o o d  p o s i t i o n  t o  t e l l  me o f  d i f f i c u l t i e s  y o u
e x p e r ie n c e d .
S .  I t  i s  m o s t l y  t h e  id e a  o f  r e a c t a n c e  i n  c a p a c i t a n c e ,  a n d  ho w  in d u c t a n c e
a f f e c t s  r e a c t a n c e  a s  w e l l .  I t  i s  a l l  h e l d  i n  a  n u m b e r  o f  e q u a t i o n s .  I  
t r i e d  t o  m e m o r iz e  th e m  b y  r e p e a t i n g  o v e r  a n d  o v e r  a g a i n .
D u r in g  t h e  c o u r s e  o f  t h e  i n t e r v i e w  t h e  p u p i l s  w e re  a s k e d  a b o u t  t h e  
t y p e s  o f  c a p a c i t o r  w i t h  w h ic h  t h e y  w e re  a c q u a in t e d ,  a n d  "a s k e d  t o  s p e a k  
o f  t h e  p r a c t i c a l  u s e s  t o  w h ic h  c a p a c i t o r s  w e re  p u t .  T h e  n i n e  w ho c o u ld  
b e  i d e n t i f i e d  a s  r e g u l a r  h o b b y  c o n s t r u c t o r s  h a d  e x p e r ie n c e  o f  t h e  m o s t  
c o m m o n ly  u s e d  t y p e s  o f  c o m p o n e n ts  s p e c i f i e d  f o r  lo w  v o l t a g e  p r o j e c t s .
T h e  n o n - c o n s t r u c t o r s  r a r e l y  v o l u n t e e r e d  i n f o r m a t i o n  o n  a n y  t y p e  o t h e r  t h a n  
t h e  f i x e d  p a r a l l e l  p l a t e  a i r - d i e l e c t r i c  c a p a c i t o r ;  a n d ,  w h i l e  t h e y  k n e w  
t h a t  t h e  c o m p o n e n t 's  u n i t  w a s  t h e  F a r a d ,  t h e y  s e ld o m  c o u ld  re m e m b e r 
h a v in g  h a n d le d  a n y  p a r t i c u l a r  c a p a c i t o r  w h o s e  m e a s u re m e n t c o u ld  b e  g i v e n  
i n  m i c r o -  o r  p i c o - f a r a d s .
T h e  c o n s t r u c t o r s  w e re  f a m i l i a r  w i t h  a  l i m i t e d  r a n g e  o f  a p p l i c a t i o n s ,  
b u t  t h e  n o n - c o n s t r u c t o r s  d e m o n s t r a te d  a n  e x t r e m e  p a u c i t y  o f  e x a m p le s ,  
i n d i c a t i n g  t h a t  t h e y  h a d  re m e m b e re d  l i t t l e  o f  t h e  i n f o r m a t i o n  o f f e r e d  i n  
t h e  c u r r e n t  t e x t b o o k s .
A 5 t h  f o r m  C o m p r e h e n s iv e  s c h o o l  p u p i l  w ho h a d  a  l i t t l e  e x p e r ie n c e  
o f  k i t - b u i l d i n g ,  c o u ld  m e n t io n  t h e  a i r - s p a c e d  v a r i a b l e  c a p a c i t o r  h e  h a d  
u s e d  i n  t h e  t u n e d - c i r c u i t  o f  a n  A .M .  r a d i o  r e c e i v e r ,  a n d  h a d  u s e d  c e r a m ic  
a n d  p o l y e s t e r  c a p a c i t o r s  i n  a  s im p le  a m p l f i e r  c i r c u i t .  H o w e v e r ,  h e  c o u ld  
n o t  r e a d i l y  t h i n k  o f  o t h e r  a p p l i c a t i o n s  o f  t h e  c o m p o n e n t .  O ne 6t h  f o r m
p u p i l  w i t h  c o n s id e r a b le  e x p e r ie n c e  o f  k i t - b u i l d i n g ,  "E d m u n d " ,  w h en  
a s k e d  w h a t  c a p a c i t o r  u s e s  cam e t o  m in d ,  r e p l i e d :  " I ' v e  u s e d  th e m  i n
a n  o s c i l l a t o r .  I ' v e  u s e d  th e m  i n  s m o o th in g  p o w e r - s u p p l ie s  i n  a n  a u d io ­
a m p l i f i e r . "
A n o t h e r  c o l le a g u e  o f  h i s ,  w i t h  l e s s  h o b b y  e x p e r ie n c e  a n s w e r e d :  
E x t r a c t  N o .  5 3
I .  I  w o n d e r  i f  y o u  c a n  t h i n k  o f  a n y  u s e s  o f  c a p a c i t o r s  w h ic h  com e
r e a d i l y  t o  m in d ?
S .  A  p o w e r  s u p p l y
I .  Y e s ,  w h a t  d i d  i t  d o  t h e r e ?
S .  W e l l ,  im m e d ia t e ly  a f t e r  r e c t i f i c a t i o n ,  y o u 'd  h a v e  i t  t o  s m o o th
m o s t  o f  t h e  p e a k .
I .  W h a t i s  i t  a b o u t  t h e  c a p a c i t o r  t h a t  d o e s  t h e  s m o o th in g ?
S .  I t ' s  t h e  t i m i n g  -  i t  d i s c h a r g e s  t h r o u g h  a  r e s i s t a n c e .
A f i f t h  f o r m  u n i v e r s i t y  c o l l e g e - l i n k e d  s c h o o l  p u p i l  w i t h  a  l i t t l e
h o b b y  e x p e r ie n c e  r e p l i e d  t o  t h e  sam e q u e s t i o n :  " I  im m e d ia t e ly  a s s o c ia t e
th e m  w i t h  f l a s h i n g  l i g h t s . "  P u z z le d ,  I  i n q u i r e d :  " F l a s h i n g  l i g h t s ? "
a n d  h e  e x p la in e d :  " D is c o  f l a s h i n g  l i g h t s , "  w h ic h  i n d i c a t e d  t h a t  h i s
k n o w le d g e  o f  b a s i c  e l e c t r i c a l  t h e o r y  a l lo w e d  h im  t o  i n t e r p r e t  t h e  
p e c u l i a r  i l l u m i n a t i o n  o f  h i s  f a v o u r i t e  r e c r e a t i o n .
2^+3
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N o t  i n f r e q u e n t l y  t h e  p u p i l s  h a d  a  b a s i c  k n o w le d g e  o f  t h e  p r i n c i p l e s  
o f  t h e  e f f e c t s  o f  t h e  m a g n e t ic  f i e l d  a r o u n d  a  c u r r e n t - c a r r y i n g  c o n d u c t o r  
u n d e r  d . c .  c o n d i t i o n s ,  b u t  se e m e d  u n w i l l i n g  t o  co m m e n t f r e e l y  o n  e v e n  
t h e  s im p le s t  i n d u c t i v e  c i r c u i t s  s h o w n  t o  th e m , a s  th o u g h  u n c e r t a i n  o f  
t a l k i n g  a b o u t  m a t t e r s  w h ic h  t h e y  o n l y  p a r t l y  re m e m b e re d .  T h e  s t u d e n t s  
h a d  le a r n e d  o f  T im e  C o n s t a n t s  i n  t h e i r  c l a s s e s ,  y e t  t h e s e  a n d  t h e  f o r m u la  
w e re  n o t  r e f e r r e d  t o .  T h e  r e s i s t a n c e  t o  d i s c u s s io n  m ay b e  o b s e r v e d  i n  
t h e  s t i l t e d  r e p l i e s  o f  " P h i l ” , o f  " M a t h e m a t ic "  t e n d e n c y ,  w ho h a d  e x p e r ie n c e  
o f  e l e c t r i c a l  c o n s t r u c t i o n s ,  a n d  w ho h a d  m o re  t h e o r e t i c a l  k n o w le d g e  
t h a n  m a n y  o f  h i s  c o l l e a g u e s .
E x t r a c t  N o .  36
I .  C o u ld  I  j o g  y o u r  m e m o ry  a  l i t t l e  w i t h  t h i s  d r a w in g :  a  b a t t e r y ,
a  k n i f e  s w i t c h ,  a n d  a  c o i l  o f  w i r e .  W hen we c lo s e  t h e  s w i t c h  v a r i o u s  
t h i n g s  h a p p e n .  C o u ld  y o u  s u m m a r iz e  th e m ?
S .  Y o u  g e t  t h e  c u r r e n t  f l o w i n g  a n d  i t  s e t s  u p  a  m a g n e t ic  f i e l d .
T h a t  b u i l d s  u p ,  a n d  w h e n  i t  i s  a t  a  m ax im um  i t  s t a y s  c o n s t a n t ,  u n t i l  
y o u  r e l e a s e  t h e  s w i t c h .
I .  C o u ld  y o u  s a y  a  l i t t l e  m o re ?
S .  T h e  m a g n e t ic  f i e l d  c u t s  t h e  w i r e  o f  t h e  c o i l .
I .  Y e s ,  t h e n  w h a t?
S .  Y o u 'v e  g o t  t h e  f i e l d  g o in g  i n  t h a t  d i r e c t i o n  a n d  t h e  c u r r e n t  . . .
90 d e g r e e s  t o  i t ,  s o  y o u  g e t  a  f o r c e  o n  t h e  w i r e .
I .  A nd  t h e  r e s u l t  o f  t h a t ?
S .  B a c k  e . m . f .
2b5
He w as a s k e d  w h a t  h e  u n d e r s to o d  w h e n  h e  r e a d  o f  t h e  t e r m  
MI n d u c t a n c e Mt a n d  h i s  r e p l y  w a s :  " E n e r g y  s t o r e d  i n  t h e  m a g n e t ic
f i e l d "  A s k e d  i f  h e  h a d  d o n e  a n y  s c h o o l  e x p e r im e n t s  w i t h  t r a n s f o r m e r s ,  
h e  s a i d :
E x t r a c t  N o , 5 7  
S .  V e r y  l i t t l e .
I .  I n  t h e  c a s e  o f  m u t u a l  i n d u c t a n c e ,  h a v e  y o u  e x a m in e d  t h e  c u r r e n t s
f l o w i n g  i n  t h e  tw o  c o i l s ?
S .  I  h a v e n * t  t h o u g h t  a b o u t  i t .
I .  I  w o n d e r  i f  y o u  h a v e  s t u d i e d  I n d u c t i v e  R e a c ta n c e ?
S .  Y e s .  I t ' s  27CFL
A f i f t h  f o r m  p u p i l ,  R u p e r t " ,  w ho w a s  i n  t h e  " V i s u a l i z e r "  c a t e g o r y ,
b e l i e v e d  t h a t  h e  h a d  a  r e a s o n a b le  g r a s p  o f  d . c .  i n d u c t i v e  c i r c u i t s ,  
b u t  w as  j u s t  b e g in n in g  t h e  s t u d y  o f  a . c .  c i r c u i t s ,  w as  p r e p a r e d  t o  
a d m i t  t h a t  h e  h a d  som e p r o b le m s :
E x t r a c t  N o . 3 8
S .  I  h a v e  h a d  a  c e r t a i n  a m o u n t  o f  d i f f i c u l t y .  B u t  i t  w as  r i g h t
a t  t h e  b e g i n n i n g .  I  t h i n k  t h a t  o n c e  i t  w as c l a r i f i e d  i n  c la s s  b y  t h e
m a s t e r ,  i t  b e ca m e  f a i r l y  e a s y .
I .  H e re  i s  a n  i n d u c t i v e  c i r c u i t .  I  w o n d e r  h o w  y o u  m ig h t  e x p l a i n
t o  a  y o u n g e r  b o y  w h a t  h a p p e n s ?
S ,  W e l l ,  I  w o u ld  s a y  t h a t  i t  w a s  t h e  b u i l d i n g  u p  a n d  b r e a k i n g  d o w n
o f  a  m a g n e t ic  f i e l d  a r o u n d  t h e  c o i l ,  o r  i n s i d e  t h e  c o i l .
I .  A nd  i n  p h y s i c a l  t e r m s ,  w h a t  h a p p e n s ?
S .  I t  t r i e s  t o  m a i n t a i n  t h e  s t a t u s  q u o .  I t  f i g h t s  a n y  c h a n g e .
I .  I  w o n d e r  i f  y o u  h a v e  s t u d i e d  m u t u a l  in d u c ta n c e ?
S .  Y e s ,  f a i r l y  r e c e n t l y .
I .  H a v e  y o u  h a d  a n y  p r o b le m s  w i t h  i t ?
S .  . . .  I  c a n ' t  t h i n k  j u s t  n o w .
W h i le  a l l  b u t  a  n u m b e r  o f  t h e  f i f t h  y e a r  p u p i l s  t o l d  me t h a t  
t h e y  h a d  ’ c o v e r e d ’ t r a n f o r m e r s ,  t h e r e  w a s  a  d e t e r m in e d  o p p o s i t i o n  t o  
i n q u i r i e s  a b o u t  t h e i r  f u n c t i o n .  E v e n  o n e  o f  t h e  p r o n o u n c e d  ’ ’M a t h e m a t ic s ” , 
R o n n y ,  w ho h a d  s p o k e n  o f  t h i s  t h e o r e t i c a l  e l e c t r i c a l  s t u d i e s  a s  b e in g  
t o o  s im p le  t o  r e t a i n  h i s  f u l l  i n t e r e s t ,  w as  n o t  f o r t h c o m in g :
E x t r a c t  N o . 5 9
I .  H a v e  y o u  s t u d i e d  t r a n s f o r m e r s ?
S .  W e’ v e  d o n e  a  l i t t l e  w i t h  th e m .
I .  H e re  i s  a  d r a w in g  o f  tw o  c o i l s ,  s e p a r a t e d  b u t  e f f e c t i v e l y  a
t r a n s f o r m e r .  W hen t h e  p r im a r y  i s  c o n n e c te d  t o  a n  e l e c t r i c  c u r r e n t ,  w h a t  
w o u ld  y o u  s a y  o f  t h e  s e c o n d a r y ?
S .  A v o l t a g e  w i l l  b e  in d u c e d .
I .  Y e s .  Now s u p p o s e  y o u  k n o w  t h e  d i r e c t i o n  o f  t h e  p r i m a r y  c u r r e n t ,  
c a n  y o u  s a y  w h a t  t h e  d i r e c t i o n  o f  t h e  s e c o n d a r y  c u r r e n t  w i l l  b e ?
S .  I  c o u ld  w o r k  i t  o u t  . . .  I ' d  h a v e  t o  t h i n k  a b o u t  i t  . . .
P r a c t i c a l  e x p e r im e n t s  w e re  f o u n d  h e l p f u l  b y  a  n u m b e r  o f  p u p i l s  
t o  whom t h e  t h e o r y  o f  i n d u c t i v e  b e h a v i« ^  w a s  d i f f i c u l t  t o  a c c e p t  i n  
t h e  a b s t r a c t .  A c l e a r  e x a m p le  o f  t h i s  w a s  t h e  5 t h  fo r m  C o m p r e h e n s iv e  
s c h o o l  p u p i l ,  ’ ’C o l i n ” , w ho r e l a t e d  h i s  k n o w le d g e  o f  t h e  i n d u c t i v e  
f u n d a m e n t a ls  t o  im p r e s s io n s  m ade o n  h im  d u r i n g  l a b o r a t o r y  w o r k :
E x t r a c t  N o .  6 0
I .  I n  t h i s  d r a w in g  we h a v e  a  b a t t e r y ,  a  c o i l  o f  w i r e ,  a n d  a  s w i t c h .
I f  we c lo s e  t h e  s w i t c h ,  c a n  y o u  co m m e n t o n  w h a t  h a p p e n s ?
S .  C u r r e n t  t r a v e l s  a lo n g  t h e  w i r e .
I .  Y e s ,  p le a s e  g o  o n .
S .  . Y o u  g e t  e le c t r o m a g n e t is m  . . .  w e ’ v e  d o n e  som e e x p e r im e n t s
w i t h  i r o n  f i l i n g s .
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S . Y e s . I t ’ s  th e  l i n e s  c u t t i n g  th e  c o i l .
I .  W o u ld  y o u  l i k e  t o  com m ent o n  w h a t h a p p e n s  h e re ?
S . W e l l ,  we w e re  ta u g h t  t h i s  w i t h  c o i l s  . . .  we w e n t on  t o  t h i n k
o f  th e  h a c k  e . m . f .
I .  D id  y o u  h a v e  a n y  p ro b le m s  w i t h  b a c k  e . m . f . ?
S . Y e s . I t  d i d  s t r i k e  me a s  a  b i t  o d d .
I .  And how  d id  y o u  make s e n s e  o f  i t ?
S . I  d o n ' t  know  i f  I  e v e r  a c t u a l l y  made i t  o u t  -  i t  o b v io u s ly
h a p p e n s ; I ’ ve  come t o  a c c e p t  i t .  B u t ,  we d id  one e x p e r im e n t  w h e re  
we u s e d  a n  e l e c t r i c  m o to r ,  a n d  we tu r n e d  i t  b y  h a n d ; th e n  c o m p le t in g  a  
c i r c u i t ,  we fo u n d  how  m uch h a r d e r  i t  was t o  t u r n ,  s o  i t  seem s l i k e l y  
t h a t  t h e r e  i s  s u c h  a  t h i n g  a s  b a c k  e . m . f .
I. Here is another drawing: do you recognize what’s happening?
C u r r e n t  d i r e c t i o n s  i n  i n d u c t o r s ,  w h i le  d i f f i c u l t  t o  r a t i o n a l i z e  
was made m e a n in g fu l  t o  s e v e r a l  o f  th e  p u p i l s  b y  th e  g r a p h ic  m o d e ls  
o f  F le m in g ’ s  r u l e s .  One l o w e r - s i x t h  fo rm  p u p i l ,  " M a r t i n " ,  a t  a  
u n i v e r s i t y  c o l l e g e - l i n k e d  s c h o o l ,  i d e n t i f i e d  a s  a  " V i s u a l i z e r " ,  t o l d  
me o f  h i s  d i f f i c u l t y  i n  s t u d y in g  i n d u c t i o n ,  an d  o f  h i s  d e p e n d e n c e  o n  
v i s u a l i z i n g  a id s :
E x t r a c t  N o . 6 l
I .  C an y o u  re m em ber w h a t i t  was a b o u t i n d u c t o r s  w h ic h  c a u s e d
p ro b le m s ?
S . I  t h i n k  th e  f a c t  t h a t  a n y  c u r r e n t  was p ro d u c e d  a t  a l l .  Why 
o n  e a r t h  w o u ld  i t  p ro d u c e  c u r r e n t ,  q u i t e  a p a r t  f ro m  i t  b e in g  p r o p o r t i o n a l  
t o  th e  ch a n g e  o f  c u t t i n g  -  I ’ d  w o n d e r w hy i t  s h o u ld  h a p p e n  i n  th e  
f i r s t  p la c e .  I t ' s  r a t h e r  a d v a n c e d .
I .  H e re  i s  a  s m a l l  d r a w in g  o f  an  in d u c t i v e  c i r c u i t .  I  am i n t e r e s t e d  
t o  know  how  y o u  t h i n k  o f  w h a t h a p p e n s  w hen we c o m p le te  t h i s  c i r c u i t  b y  
t h r o w in g  th e  s w i t c h .
S .  W e l l ,  w h a t h a p p e n s  -  OK -  w e l l ,  th e  w ay I  t h i n k  a b o u t  i t  i s ,  t h a t
y o u  a r e  s u p p o s e d  t o  t h i n k  o f  e le c t r o n s  m o v in g , t h e r e f o r e  th e  c u r r e n t  
m oves th e  o t h e r  w a y , th e n  t h e r e  i s  th e  g e n e r a t io n  o f  a  f i e l d ,  a  m a g n e t ic  
f i e l d .  I  u s e  th e  " r i g h t - h a n d  g r a s p "  -  i t ' s  v e r y  v i s u a l .  I  mean -  y o u  
a c t u a l l y  h a v e  t o  f o l l o w  i t  r o u n d ,  a n d  make s u re  t h a t  i t ' s  g o in g  t o  go 
dow n t h a t  w a y . T h e r e fo r e  th e  c u r r e n t  w i l l  be  u p  i n  th e  c e n t r e .
When e n c o u ra g e d  t o  c o n t in u e  w i t h  h i s  c o m m e n ta ry , he  was a b le  t o  
e x p a n d  so m e w h a t:
I .  C o u ld  y o u  go on  a  l i t t l e  w i t h  y o u r  co m m e n ta ry?
S . W e l l ,  i f  y o u  u s e  th e  " R ig h t  -h a n d  G ra s p "  r u l e ,  a s  we h a ve
b e e n  t a u g h t  t o  d o , th e y  w i l l  e v e n t u a l l y  a l l  l i n e  u p  th e  one  w ay a s
y o u  go ro u n d  t h i s  c o i l .  And i f  y o u  assum e t h a t  th e y  a r e  g o in g  th e  one  w a y ,
y o u  a r e  g o in g  t o  h a v e  th e  m a g n e t ic  f i e l d  g o in g  th e  w ay w h ic h  th e  a r r o w s
e v e n t u a l l y  p o i n t i n g  t o .
I .  And c a n  y o u  s a y  w h a t h a p p e n s  th e n ?
S . Y e s . T h i s f r o n t  o f  w i r e  i s  g o in g  t o  be c u t  b y  t h e  l i n e s ,  th e n
t h e r e  i s  b a c k  e . m . f .  i s n ' t  th e r e ?  O u r te a c h e r  e x p la in e d  t h a t  b a c k  e . m . f .  
a lw a y s  r e s i s t s  a n y  ch a n g e
D u r in g  th e  c o u rs e  o f  m any i n t e r v i e w s  th e  p u p i l s  w e re  a s k e d  w h a t 
t y p e s  o f  in d u c t o r s  th e y  k n e w , a n d  w h a t w e re  th e  u s e s  t o  v /h ic h  i n d u c t o r s  
w e re  p u t .  The re s p o n s e  was d i s a p p o i n t i n g l y  m e a g re , a n d  a lm o s t  l i m i t e d  
t o  th e  e x p e r im e n ta l  c o i l s  a n d  e le c t r o m a g n e ts  a n d  t r a n s f o r m e r s .  The 
e l e c t r i c a l  c o n s t r u c t o r s  w e re  f a m i l i a r  w i t h  th e  in d u c t o r s  u s e d  i n  tu n e d -  
c i r c u i t s  o f  r a d io  r e c e i v e r s ,  a n d  some r e f e r r e d  t o  i n d u c t i v e  a e r i a l s  
w h ic h  c o u ld  ch a n g e  th e  e le c t r o m a g n e t ic  w aves i n t o  s i g n a l s ,  b u t  none  
o f  th e m  r e f e r r e d  t o  t h e i r  u s e  i n  c o u p l in g  c i r c u i t s .  I t  was n o te d  t h a t  
no  s t u d e n t  in s ta n c e d  th e  m o to r  o r  g s n e r a to r  a s  e x a m p le s  o f  i n d u c t i v e  
a p p l i c a t i o n s ,  n o t w i t h s t a n d in g  th e  f a c t  t h a t  a l l  th e  c u r r e n t  s c h o o l  
te x tb o o k s  d e a l  c l e a r l y  w i t h  t h e s e .  S i m i l a r l y ,  a l t h o u g h  th e s e  te x tb o o k s  
e x p la in  th e  o p e r a t io n  o f  r e l a y s  a n d  te le p h o n e  e a r - p ie c e s ,  no  p u p i l  
m e n t io n e d  th e m .
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I t  w a s  o f t e n  d i f f i c u l t  t o  o b t a i n  a  s a t i s f a c t o r y  im p r e s s io n  o f  
t h e  s c h o o l  p u p i l s 1 u n d e r s t a n d in g  o f  in d u c t a n c e  u n d e r  b o t h  d . c .  a n d  a . c .  
c o n d i t i o n s :  t h i s  w as d u e  t o  t h e  c o n s id e r a b le  r e l u c t a n c e  o f  m an y o f
t h e  p u p i l s  t o  o f f e r  m u ch  d i s c u s s i o n  o n  t h e  s u b j e c t .  W i t h o u t  d o u b t  t h i s  
c o m p o n e n t ’ s  f u n c t i o n s  c a u s e d  th e m  p a r t i c u l a r  t r o u b l e  i n  t h e i r  s t u d i e s ,  
a n d  p r a c t i c a l  w o r k  w i t h  i n d u c t o r s  w a s  s l i g h t .  M a n y  o f  t h e  p u p i l s  
r e f e r r e d  t o  t h e  n e e d  t o  r e v i s e  t h e i r  k n o w le d g e  o f  i n d u c t a n c e  f o r m u la e ,  
o r  s t a t e d  t h a t  t h e y  w e re  s t i l l  i n  t h e  p r o c e s s  o f  l e a r n i n g  a b o u t  i n d u c t i v e  
b e h a v io r  ( a s  w as in d e e d  t h e  c a s e ,  f o r  t h e  i n t e r v i e w s  c o u ld  n o t  b e  l i m i t e d  
t o  t h e  f i n a l  p o r t i o n s  o f  t h e i r  c o u r s e s . )  A n  im p r e s s io n  w a s  o b t a in e d ,  
t h r o u g h  i n f o r m a l  c o n v e r s a t i o n s  w i t h  t h e  l e s s  m a t h e m a t i c a l l y  a b l e , t h a t  t h e  
w h o le  a r e a  o f  i n d u c t i o n  w as r e g a r d e d  w i t h  som e d e g r e e  o f  a n x i e t y ,  a n d  
t h a t  i t  w as  r e p u t e d  t o  b e  " c o m p l i c a t e d 11, a n d  t h e  c o n s e n s u s  o f  o p i n i o n  
a m o ng  t h e  p u p i l s  w a s  t h a t ,  i f  p o s s i b l e ,  i n d u c t i v e  q u e s t i o n s  w e re  t o  b e  
a v o id e d  d u r i n g  t e s t s  a n d  e x a m in a t io n s .
T h e  p h e n o m e n o n  o f  b a c k  e . m . f .  t r o u b l e d  m an y o f  t h e  p u p i l s ,  b u t  
t h e r e  w as l i t t l e  i n d i c a t i o n  t h a t  c l a r i f i c a t i o n  w a s  s o u g h t  o n  t h i s  
u n d o u b t e d ly  d i f f i c u l t  c o n c e p t  f r o m  e i t h e r  t h e  t e x t b o o k s  o r  t h e  t e a c h e r .
I t  i s  i n t e r e s t i n g  t h a t  i n  E x t r a c t  N o .  5 6 ,  t h e  b o y  o f  " M a t h e m a t ic "  
t e n d e n c y ,  " P h i l ” , w h e n  s u m m a r iz in g  t h e  r e s u l t  o f  e n e r g i z i n g  t h e  c o i l  
( " Y o u  g e t  t h e  c u r r e n t  f l o w i n g  a n d  i t  s e t s  u p  a  m a g n e t ic  f i e l d .  T h a t  
b u i l d s  u p ,  a n d  w h e n  i t  i s  a t  a  m ax im um  i t  s t a y s  c o n s t a n t ,  u n t i l  y o u  
r e l e a s e  t h e  s w i t c h . 11) d o e s  n o t  m e n t io n  b a c k  e s .m . f .  a n d  i t s  e x i s t e n c e  
w as o n l y  d ra w n  f r o m  h im  a f t e r  f u r t h e r  q u e s t i o n i n g .  T h e  im p o r t a n t  e f f e c t  
o f  t h e  o p p o s i t i o n  t o  t h e  c h a n g in g  m a g n i tu d e  o f  t h e  c u r r e n t ,  s o  h e a v i l y
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s t r e s s e d  b y  t h e  t e x t b o o k s ,  a p p e a r e d  n o t  t o  h a v e  b e e n  e a s i l y  re m e m b e re d .
I t  w a s  n o t e d  t h a t  a l t h o u g h  a l l  t h e  t e x t b o o k s  m ake a  p o i n t  o f  
c o m p a r in g  a n d  c o n t r a s t i n g  i n d u c t o r  a n d  c a p a c i t o r  o p e r a t i o n ,  b o t h  a s  
a n  a i d  t o  m e m o ry  a n d  t o  im p r e s s  o n  t h e  r e a d e r  t h e i r  i n d i v i d u a l  c h a r a c t ­
e r i s t i c s ,  s c a r c e l y  a n y  o f  t h e  p u p i l s  a p p e a r e d  t o  h a v e  t h i s  i n f o r m a t i o n  
a v a i l a b l e  f o r  d i s c u s s i o n .  F ew  t h o u g h t  f i t  t o  m e n t io n  a n d  c o m m e n t o n  t h e  
s t o r a g e  o f  e l e c t r i c a l  e n e r g y ,  e x c e p t  i n  a  s u p e r f i c i a l  m a n n e r .  O ne w ho  d i d ,  
w a s  t h e  b o y  w i t h  a  s t r o n g  " V i s u a l i z i n g 11 t e n d e n c y ,  q u o te d  i n  E x t r a c t  N o .  1 7 ,  
w ho h a d  b e e n  im p r e s s e d  b y  t h e  m e c h a n ic a l  a n a lo g y  o f  i n d u c t i o n .
The im p o r ta n c e  o f  d i f f e r e n t  p h y s ic a l  d e m o n s t r a t io n s  o f  i n d u c t i v e
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b e h a v io r  w as b r o u g h t  o u t  i n  t h e  i n t e r v i e w s  w i t h  s e v e r a l  p u p i l s ,  p a r t i c ­
u l a r l y  " C o l i n "  ( E x t r a c t  N o .  60)  w ho  h a d  r e s i s t e d  t h e  a c c e p ta n c e  o f  t h e  
id e a  o f  b a c k  e . m . f .  u n t i l  t h e  c o m p e l l i n g  c o m p a r is o n  o f  t h e  in c o m p le t e  
a n d  c o m p le te  m o to r  c i r c u i t .  E q u a l l y ,  t h e  e x t re n e  u s e f u ln e s s  o f  F le m in g ’ s  
" h a n d - r u l e s "  f o r  t h e  l e a r n e r  w i t h  " V i s u a l i z i n g "  t e n d e n c y  w a s  s t r e s s e d  b y  
t h e  a c c o u n t  o f  " M a r t i n "  i n  h i s  a t t e m p t  t o  c o m p re h e n d  t h e  c o m p le x i t i e s  
/  o f  t h e  i n d u c t o r ,  ( E x t r a c t  N o .  6l ) .
O ne r a t h e r  s u r p r i s i n g  r e s u l t  o f  t h e  d i s c u s s io n s  a b o u t  s im p le  i n d u c t i v e  
d . c .  c i r c u i t s  w a s  t h a t  n o n e  o f  t h e  p u p i l s  a p p e a r e d  t o  b e  f a m i l i a r  w i t h  
t h e  f a c t  t h a t  o n  b r e a k i n g  t h e  c i r c u i t ,  i t  i s  p o s s i b l e  t o  o b s e r v e  m o m e n t­
a r i l y  a  h i g h e r  v o l t a g e  t h a n  t h e  o r i g i n a l  s o u r c e  o f  t h e  e . m . f .  T h is  
f a v o u r i t e  d e m o n s t r a t i o n  o f  t h e  p a s t  w a s  a p p a r e n t l y  n o t  s e e n ,  o r  rem e m ­
b e r e d ,  b y  t h o s e  in t e r v ie w e d .  A s  t h e  p h e n o m e n o n  i s  m e n t io n e d  i n  c u r r e n t  
s c h o o l  t e x t s ,  i t  i s  p r o b a b le  t h a t  t h e  p u p i l s  d i d  n o t  n o t i c e  i t  i f  t h e y  
r e a d  t h e  c h a p t e r ,  o r  t h e i r  t e a c h e r s  d i d  n o t  d ra w  t h e i r  a t t e n t i o n  t o  i t  
d u r i n g  c la s s  o r  l a b o r a t o r y  m e e t in g s .  Some r e f e r r e d  t o  t h e  o p p o s i t i o n  
t o  c h a n g e ,  a n d  r e a l i z e d  t h a t  t h e  b a c k  e . m . f .  w o u ld  a p p e a r  w i t h  t h e  
f a i l i n g  c u r r e n t  a s  w e l l  a s  t h e  r i s i n g  c u r r e n t ,  b u t  n o n e  s p o k e  o f  
s p a r k i n g  o r  h i g h  v o l t a g e .
251
M a n y  s t u d e n t s  w o u ld  b e  a s s i s t e d  i n  u n d e r s t a n d in g  t h e  c o n c e p t  
o f  in d u c t a n c e  i f  t h e y  w e re  i n t r o d u c e d  t o  som e h i s t o r i c a l  a c c o u n t  
o f  t h e  e x p e r im e n t s  w h ic h  H e n r y  a n d  F a r a d a y  a n d  o t h e r s  c o n d u c te d  
i n  t h e  c o u r s e  o f  t h e i r  r e s e a r c h  i n t o  t h e  p h e n o m e n a  a s s o c ia t e d  w i t h  
t h e  p r o d u c t i o n  o f  i n d u c t i v e  c u r r e n t s  b y  m eans o f  m o v in g  m a g n e ts ;  
t h e  r a p i d  m a k in g  a n d  b r e a k i n g  o f  b a t t e r y - p o w e r e d  c i r c u i t s ;  a n d  t h e  
e f f e c t s  o f  a l t e r n a t i n g  c u r r e n t s .  F o r  t h e  s t u d e n t s  t o  k n o w  s o m e ­
t h i n g  o f  t h e  h i s t o r i c a l  s e q u e n c e  o f  e v e n t s ,  w h e re  t h e  e a r l i e s t  .* 
r e s e a r c h e r s  w e re  s l o w l y  u n r a v e l l i n g  t h e  b a s i c  f a c t s  a b o u t  i n d u c t a n ­
c e ,  w o u ld  c e r t a i n l y  b e  i n t e r e s t i n g  t o  v e r y  m a n y , a n d  i t  w o u ld  p r o v id e  
d i f f e r e n t  p e r s p e c t i v e s  t o  t h e i r  l e a r n i n g  p r o b le m s .  M o r e o v e r ,  t h e i r  
ow n s t u d ie s  m ig h t  t a k e  o n  a  new  i n t e r e s t  i f  t h e y  f e l t  a n  e m p a th y  
w i t h  t h e  e f f o r t s  o f  F a r a d a y ,  L e n z ,  a n d  M a x w e l l .  I n s t e a d  o f  m e m o r iz ­
i n g  f o r m u la e  a s  a b s t r a c t  e n t i t i e s ,  o r  a s s o c i a t i n g  t h e  p h e n o m e n o n  o f  
in d u c t a n c e  w i t h  l a b o r a t o r y  e x p e r im e n t s  re m o te  f r o m  p r a c t i c a l  l i f e ,  
t h e  p u p i l s  c o u ld  im a g in e  t h e  e x c i t i n g  e x p e r ie n c e s  o f  J o s e p h  H e n r y ,  
w o r k in g  i n  A lb a n y  a r o u n d  t h e  y e a r  1830 , o b s e r v in g  u n e x p e c te d  in d u c e d  
c u r r e n t s  i n  u n p o w e re d  e le c t r o m a g n e t s  b r o u g h t  i n t o  t h e  p r o x i m i t y  o f  
o t h e r  o p e r a t i n g  e l e c t r o m a g n e t s .  S i m i l a r l y ,  t h e y  c o u ld  b e  d ra w n  i n t o  
t h e  d ra m a  o f  F a r a d a y 's  m u t u a l  i n d u c t i v e  e x p e r im e n t s  i n  L o n d o n  a t  
a lm o s t  t h e  sam e t im e ,  w h e n  h e  o b t a in e d  in d u c e d  c u r r e n t s  i n  a  s e c o n d ­
a r y  c o i l  w h e n e v e r  t h e  p r i m a r y  o p p o s i t e  i t  m ade o r  b r o k e  c o n t a c t  w i t h  
i t s  b a t t e r y  t e r m i n a l .
Some o f  t h e  p r o b le m s  a s s o c ia t e d  w i t h  u n d e r s t a n d in g  t h e  p r i n c i p l e s  
o f  b a c k - e . m . f .  c o u ld  b e  r e m o v e d ,  a n d  m u ch  o f  t h e  p u p i l s '  a n x i e t y  
a b o u t  i t s  m y s t e r io u s  p r o p e r t i e s  c o u ld  b e  d i m in i s h e d ,  i f  t h e y  m ade 
a c q u a in t a n c e  w i t h  t h e  a c c o u n ts  o f  H e n r y 's  s u c c e s s f u l  i n q u i r i e s  i n t o
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w h a t  w a s  tha n -.know n  a s  " e x t r a  c u r r e n t "  -  t h e  p h e n o m e n o n  w h ic h  h e  a n d  
F a r a d a y  i n v e s t i g a t e d  ( a g a i n  a t  a lm o s t  t h e  sam e m o m e n t i n  t i m e ) ,  
p r i m a r i l y  t h r o u g h  t h e  p r o d u c t i o n  o f  s p a r k s  o n  b r e a k in g  t h e  c i r c u i t  
o f  a n  e n e r g iz e d  c o i l .
E a s i l y  a s s i m i l a t e d  i n f o r m a t i o n  o n  t h e s e  e x p e r im e n t s  i s  a v a i l ­
a b le  i n  s u c h  a  b o o k  a s  T h e  D is c o v e r y  o f  I n d u c e d  E le c t r o m a g n e t i c  
I n d u c t i o n  ( 1 9 0 0 )  b y  J . S .  A m es .'* ' T e a c h e r s  w ho a p p r e c i a t e  t h e  i n s p i r  
a t i o n a l  b e n e f i t s  w h ic h  t h e  p u p i l s  c a n  r e c e i v e  f r o m  th e s e  h i s t o r i c a l  
r e s e a r c h e s ,  c o u ld  s e l e c t  f o r  c l a s s  r e a d i n g  s u i t a b l e  e x c e r p t s  a t  
a p p r o p r i a t e  s t a g e s  o f  t h e  c o u r s e  o f  i n s t r u c t i o n .
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D u r in g  t h e  r e s e a r c h  p ro g ra m m e  o n e  o f  t h e  p o i n t s  w h ic h  e m e rg e d  f r o m  
c o n v e r s a t i o n  w i t h  t e c h n i c i a n s ,  e n g in e e r s ,  a n d  w o r k s  m a n a g e r s ,  w a s  t h e  
a b s e n c e  o f  a n y  f o r m  o f  i n s t r u c t i o n  i n  s y s t e m a t i c  c i r c u i t  d ia g r a m  r e a d i n g .  
A lm o s t  a lw a y s  t h e  i n d i v i d u a l  h a d  g a in e d  t h e  s k i l l  t h r o u g h  t r i a l  a n d  
e r r o r  i n  p r a c t i c a l  w o r k ,  o r  b y  i m i t a t i n g  t h e  m e th o d s  o f  m o re  e x p e r ie n c e d  
a c q u a in t a n c e s  o r  c o l l e a g u e s .  M o s t  o f  t h o s e  w i t h  whom I  s p o k e  r e g r e t t e d  
t h a t  t h e y  h a d  n o t  h a d  t h e  a d v a n ta g e  o f  g u id a n c e  i n  t h i s  a c c o m p l is h m e n t  
s o  v i t a l  t o  t h e  e n g in e e r ,  t e c h n i c i a n ,  t e a c h e r ,  o r  i n d i v d u a l  s e r i o u s l y  
c o n c e r n e d  w i t h  e l e c t r i c a l  w o r k .  I  w a s ,  t h e r e f o r e ,  m o s t  i n t e r e s t e d  t o  
l e a r n  i f  t h e  c o n t e m p o r a r y  c o u r s e s  f o r  p u p i l s  a n d  s t u d e n t s  o f f e r e d  
t r a i n i n g  i n  c i r c u i t  d ia g r a m  r e a d i n g .  A l l  t h e  i n t e r v i e w e e s  w e re  a s k e d  a b o u t  
t h i s ,  u n le s s  t h e  i n f o r m a t i o n  h a d  b e e n  g i v e n  i n  e a r l i e r  i n f o r m a l  c o n v e r a t -  
i o n .  A l l  s c h o o l  p u p i l s  d e n ie d  h a v in g  h a d ia n y  t r a i n i n g  i n  c i r c u i t  d ia g r a m  
r e a d i n g  -  o t h e r  t h a n  t h e  i n i t i a l  i n t r o d u c t i o n  t o  t h e  m o s t  com m on e l e c t r i c a l  
c o m p o n e n t  s y m b o ls  d ra w n  o n  t h e  b la c k b o a r d  i n  c l a s s ,  o r  d i r e c t e d  t o  t h e i r  
a t t e n t i o n  b y  r e q u i r e d  r e a d i n g  i n  s t u d y  n o t e s  o r  t e x t b o o k s .
T y p i c a l  o f  t h e  i n t e r v i e w  e x c h a n g e s  o n  t h i s  s u b j e c t  w as  t h a t  w i t h  a  
l o w e r  6t h  f o r m  b o y  w ho w a s  a  k e e n  e l e c t r i c a l  c o n s t r u c t o r :
E x t r a c t  N o .  62
I .  W ere  y o u  e v e r  i n s t r u c t e d  i n  r e a d i n g  c i r c u i t  d ia g r a m s ?
S .  N o . B e c a u s e  I  ha w e  d o n e  e l e c t r o n i c s  f o r  a  h o b b y  f o r  5  y e a r s  o r  s o
I ’ v e  g o t  u s e d  t o  i t .  B u t  w e ’ v e  o n l y  r e c e n t l y  d o n e  m o re  u p  t o  d a t e  c o m p o n e n ts .
Z5k
A n o th e r  p u p i l  o f  c o n s id e r a b le  k i t  b u i l d i n g  e x p e r ie n c e ,  an  
i d e n t i f i e d  " V i s u a l i z e r * V !Edm undM, e x p la in e d :
E x t r a c t  N o ,  6 5
S .  I  g o t  b a s i c  i n s t r u c t i o n  i n  t h e  m a n u a ls .  I  f o l l o w e d  f r o m  t h e r e
a n d  w o r k e d  o u t  s e c t i o n s  a t  a  t im e .
I .  M a n y  p e o p le ,  r e l a t i v e l y  n e w  t o  e l e c t r i c i t y ,  f i n d  c i r c u i t  d ia g r a m s
c o n f u s i n g .  C a n  y o u  s u g g e s t  w h y  t h a t  i s ?
S .  I  t h i n k  i t  i s  v e r y  d i f f i c u l t  t o  t r a n s f e r  a  f l a t  t w o - d im e n s io n a l  
o b j e c t  i n t o  b e in g  a  t h r e e - d i m e n s i o n a l  s y s te m .
I .  A n d  w o u ld  y o u  s a y  t h a t  i s  t h e  c a s e  e v e n  w h e n  t h e  i n d i v i d u a l  
c o m p o n e n ts  a r e  is  c o g n iz e d  a n d  u n d e r s to o d ?
S .  W e l l ,  I  u s u a l l y  t h i n k  o f  s m a l l  s e c t i o n s  w h ic h  I  r e c o g n iz e  f r o m  
w h a t  I  h a v e  r e a d  i n  t h e  p a s t .
I t  w as i n q u i r e d  o f  o n e  l o w e r  6t h  f o r m  p u p i l ,  " M a r t i n " ,  w ho w as 
i n t r o d u c e d  t o  e l e c t r i c a l  a c t i v i t i e s  t h r o u g h  a  hom e c o n s t r u c t i o n  k i t ,  i f  h e  
c o n s id e r e d  t h a t  t h a t  h a d  b e e n  a n  a i d  t o  h i s  s c h o o l  w o r k .
E x t r a c t  N o . 6k
I .  D id  t h e  u s e  o f  t h a t  k i t  h e l p  y o u  t o  r e a d  c i r c u i t  d ia g r a m s ?
S .  N o t  r e a l l y ,  b e c a u s e  t h e  w a y  t h e y  s e t  t h e i r  b o a r d  o u t .  I t  w as
r a t h e r  c o m p l i c a t e d ,  a n d  t h e y  h a d  d i f f e r e n t  p r i n t e d  c i r c u i t  b o a r d s ,  a n d  
y o u  h a d  t o  l o o k  v e r y  c a r e f u l l y  t o  s e e  t h i n g s .  I  t h i n k  i t  c o u ld  h a v e  
b e e n  l a i d  .o u t  b e t t e r .  H e re  i n  t h e  l a b o r a t o r y  y o u  h a v e  t o  d ra w  a  d ia g r a m ,  
a n d  i f  y o u  d o n ' t  y o u  u s u a l l y  w i r e  i t  u p  w r o n g .
A l l  t h e  h o b b y  c o n s t r u c t o r s ,  a n d  m o s t  o f  t h e  o t h e r s  w e re  a b le  t o  
i n t e r p r e t  t h e  c i r c u i t  d ia g r a m  o f  t h e  c r y s t a l  s e t .  A f i f t h  f o r m  b o y  
w i t h  l i t t l e  p r a c t i c a l  e x p e r i e n c e ,  i n  h i s  co m m e n ts  w a s  c h a r a c t e r i s t i c  
o f  m a n y  o t h e r s :
E x t r a c t  N o . 6 5
I .  How w o u ld  y o u  b e g in  t o  r e a d  t h i s ?
S .  W e l l ,  f i r s t  o f  a l l ,  I ' d  t a k e  t h e  a . e r i a l  a n d  t h e  e a r t h .  T h e y
a r e  t h e  m o s t  n o t i c e a b l e  t h i n g s .  I ' d  l o o k  a t  t h e  c a p a c i t o r  -  I ' d  t r e a t  
t h a t  a s  a  v a r i a b l e  r e s i s t o r  . . .  a n d  I  t h i n k  t h a t  i s  a  d i o d e ,  a n d  t h a t  -  
t h a t  i s  h e a d p h o n e s .
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I *  You h a v e  p ic k e d  o u t  a l l  th e  c o m p o n e n ts . Now w h a t w o u ld  y o u  s a y
t o  y o u r s e l f ?
S . I ' d  s a y  i t ' s  a  r a d i o .
A n o th e r  f i f t h  fo r m  b o y  a t  a  C o m p re h e n s iv e  s c h o o l ,  ’ " T r e v o r " ,  who 
was w o r k in g  to w a rd s  th e  N u f f i e l d  A d v a n c e d  P h y s ic s  e x a m in a t io n ,  on  
b e in g  show n  th e  d r a w in g  s a id :
E x t r a c t  N o . 66 
S .  Some s o r t  o f  r a d io ?
I .  Y e s . I t ' s  th e  p r i m i t i v e  r a d i o ,  a  c r y s t a l  s e t  Can y o u  t e l l
me a  l i t t l e  a b o u t  how we h e a r  th e  s o u n d  a t  th e  h e a d p h o n e s?
S . T h e re  i s  a  s u rg e  o f  w a ve s  a n d  i t  com es dow n th e  a e r i a l .
I .  C o u ld  y o u  g iv e  me th e  s i g n a l  p a th  f r o m  th e r e ?
S . The w aves  f l o w  ro u n d  th e  c i r c u i t  u n t i l  i t  r e a c h e s  t h e  h e a d p h o n e s .
The w ave p a s s e s  t h r o u g h  t h i s  t h i n g .
I .  Do y o u  r e c o g n iz e  i t ?
S . I t ' s  a  d io d e ?
I .  And do  y o u  re m e m b e r w h a t i t  d o e s?
S . I t  s to p s  c u r r e n t  one  w a y .
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A t  tw o  o f  th e  f i v e  s c h o o ls  w h e re  p u p i l s  w e re  in t e r v ie w e d  th e  
N u f f i e l d  A d va n ce d  P h y s ic s  C o u rs e  was t a u g h t  i n  p r e p a r a t io n  f o r  A - l e v e l  
e x a m in a t io n s .  I  w as i n t e r e s t e d  t o  h a v e  th e  o p in io n s  o f  th o s e  e n g a g e d  
o n  t h i s  p rog ram m e a s  t o  w h e th e r  th e y  fo u n d  i t  s t i m u l a t i n g ,  p a r t i c u l a r l y  
w i t h  r e g a r d  t o  th e  e m p h a s is  o n  p e r s o n a l  e x p e r im e n t  a n d  d is c o v e r y  i n  th e  
l a b o r a t o r y ,  a n d  w h e th e r  th e y  f e l t  t h a t  t h e  s tu d e n t  h a n d b o o k s  p r o v id e d  
th e m  w i t h  th e  s u p p o r t in g  t h e o r y  i n  a  fo rm  w h ic h  t h e y  .c o u ld  e a s i l y  
u n d e r s ta n d  a n d  a p p ly  e f f e c t i v e l y .  W h i le  b e a r in g  i n  m in d  t h a t  th e  
y o u n g  p e o p le  h a d  l i t t l e  s c o p e  f o r  c o m p a r is o n  w i t h  t h e  t r a d i t i o n a l  
c o u rs e s  a n d  t h a t  t h e i r  e l e c t r i c a l  e d u c a t io n  was s t i l l  a t  a n  e a r l y  s ta g e ,  
th e  a n s w e rs  g iv e n  t o  my i n q u i r i e s  s u g g e s te d  t h a t  t h e y  a p p r e c ia t e d  th e  
i n n o v a t io n s  o f  th e  N u f f i e l d  A d v a n c e d  P h y s ic s  c o u r s e ,  a n d  t h a t  th e y  f e l t  
i t  was s e r v in g  th e m  w e l l .
A f i f t h  fo rm  b o y  a t  a  p r i v a t e  s c h o o l ,  " W i l l i e 11, who h a d  e a r l i e r  
s p o k e n  i n  a p p r c i a t i o n  o f  h i s  c la s s  n o te s  (b a s e d  on  t h e  N u f f i e l d  h a n d b o o k s ) 
f e l t  t h a t  th e  n o te s  p r o v id e d  v e r y  s a t i s f a c t o r y  e x p la n a t io n s  o f  a  
t h e o r e t i c a l  p ro b le m  he  h a d  e n c o u n te r e d  r e c e n t l y .  I  i n q u i r e d  i f  th e  
p ro b le m  ha d  b e e n  r e s o lv e d  "T h ro u g h  r e a d in g  a lo n e ,  o r  b y  d o in g  th e  
N u f f i e l d  e x p e r im e n ts ? "  He r e p l i e d :  "B y  r e a d in g  a n d  b y  e x p e r im e n t .  I
l i k e  t o  see  w h a t t h e  t e x t b o o k  s a y s .  B u t  b y  e x p e r im e n t  I  f i n d  a  l o t . "
H is  c r i t i c i s m  was t h a t  he  f e l t  t h a t  h i s  c o u rs e  r e q u i r e d  to o  m uch t im e  
t o  be  s p e n t  i n  th e  l a b o r a t o r y ,  a n d  t h a t  th e  e x p e r im e n ta l  w o rk  n e e d e d
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a  g o o d  d e a l  o f  t e a c h e r ’ s  c o m m e n a ta ry  d u r i n g  o r  a f t e r  i t  ( E x t r a c t  N o .  36) .
A 6 t h  f o r m  b o y ,  " M a g n u s " , f e l t  t h a t  som e e x t r a  m a t h e m a t ic a l  p r e p a r a t ­
i o n  w as d e s i r a b l e .  He a l s o  b e l i e v e d  t h a t  h i s  c o l le a g u e s  d i d  n o t  a lw a y s  
t a k e  f u l l  a d v a n ta g e  o f  t h e  N u f f i e l d  p r i n t e d  m a t e r i a l .  I  g a t h e r e d  t h a t  
i n  h i s  o p i n i o n  i t  w a s n ' t  r e a d  w i t h  f o c u s e d  a t t e n t i o n  a n d  t h a t  t h e  t h e o r y  
w as n o t  s u f f i c i e n t l y  c o n s id e r e d  d u r i n g  t h e  a s s o c ia t e d  l a b o r a t o r y  w o r k .
E x t r a c t  N o .  6 7
I .  I  e x p e c t  y o u  h a v e  fo r m e d  som e o p in io n s  a b o u t  y o u r  c o u r s e .  I s  t h e r e
a n y t h i n g  w h ic h  y o u  c o u ld  d ra w  t o  m y a t t e n t i o n ?
S .  W e l l ,  w i t h  t h e  c o u r s e  we a r e  d o in g  a t  t h e  m o m e n t , th e  N u f f i e l d  C o u r s e ,
m o re  c o u ld  b e  m ade o f  w h a t  i s  e x a c t l y  i n  t h e  m o d u le s  f o r  a  s t a r t  -  a  l o t  o f  
p e o p le i> s e e m  j u s t  t o  p u t  i t  t o g e t h e r  a n d  w r i t e  d o w n  w h a t  h a p p e n s .  T h e y  d o n ' t  
a c t u a l l y  k n o w  how  i t  h a p p e n s .
I .  P le a s e  go  o n .
S .  W e l l ,  i t  d e p e n d s  o n  t h e  p e r s o n  d o in g  t h e  c o u r s e .  I f  t h e  p e r s o n
i s  i n s p i r e d  t o  d o  t h e  w o r k  h e  p r o b a b ly  s h o u ld  a d d  t o  h i s  n o t e s .  T h a t ' s  
t h e ^ e a  t o  b e  w o r k e d  o n  -  o b v i o u s l y  t h a t  i s  l e f t  t o  t h e  p e r s o n .  Y o u  c a n  
l o o k  u p  t h e  m a th s  o u t  o f  c l a s s  -  y o u  c a n ' t  d o  t h e  p r a c t i c a l  o u t  o f  c l a s s .
Y o u  c a n  m ake n o t e a  d u r i n g  p r e p ,  i n  t h e  l i b r a r y .
I .  I n  y o u r  e x p e r ie n c e  w o u ld  y o u  s a y  t h a t  t h e  b a la n c e  o f  p r a c t i c a l  a n d  
t h e o r e t i c a l  i s  r i g h t ?
S .  I  t h i n k  I  w o u ld  p u t  s l i g h t l y  m o re  e m p h a s is  o n  t h e  m o re  m a t h e m a t ic a l  
s i d e .  I  d o n ' t  t h i n k  i t  i s  f a r  o f f .  I t  h e lp s  y o u  t h i n k  i n  t h e  r i g h t  w a y .
I  t h i n k  t h a t  i s  f a i r l y  e s s e n t i a l .
¿ f.2 ?  I n  t h e  m a j o r i t y  o f  s c h o o l  i n t e r v i e w s  t h e r e  w a s  som e d i s c u s s i o n  
a b o u t  t h e  c o n s id e r a b le  r a n g e  o f  e l e c r i c a l  h o b b y  m a g a z in e s  w h ic h  a r e  
a v a i l a b l e  t o  t h e  y o u n g  r e a d e r  a t  m a g a z in e  s h o p s  a n d  s c h o o l  l i b r a r i e s .
A s u r p r i s i n g l y  s m a l l  n u m b e r  o f  p u p i l s  s p o k e  o f  r e a d i n g  th e m  w i t h  a n y  
r e g u l a r i t y .  C l e a r l y  m a n y  h a d  n o t  e x a m in e d  th e m  a t  a l l ,  o t h e r s  a s s u m e d , 
a f t e r  a  q u i c k  g la n c e  a t  som e i s s u e ,  t h a t  t h e y  h a d  n o  r e l e v a n c e  t o  t h e i r  
ow n e l e c t r i c a l  s t u d i e s ,  o r  t h a t  t h e y  w o u ld  b e  o f  i n t e r e s t  o n l y  t o  t h o s e  
w ho w e re  a l r e a d y  f a i r l y  a d v a n c e d  e l e c t r i c a l  c o n s t r u c t o r s .  I f  t h e r e  w a s  
a n y  e n c o u r a g e m e n t  f r o m  t e a c h e r s  t o  m ake  u s e  o f  t h e s e  p u b l i c a t i o n s ,  t h i s  
d i d  n o t  com e a c r o s s  d u r i n g  t h e  i n t e r v i e w s .
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S e v e r a l  o f  th e  in te r v ie w e e s  who h a d  a d o p te d  e l e c t r i c a l  c o n s t r u c t i o n  
a s  a  h o b b y  d id  make u s e  o f  th e  m a g a z in e s , and  a c k n o w le d g e d  t h a t  th e y  
c o u ld  o f f e r  s u p p o r t  a n d  a s s is ta n c e  o n  th e  s c h o o l  c o u r s e s .  One 6 t h  fo rm  
b o y  a t  a  u n i v e r s i t y  c o l l e g e - l i n k e d  s c h o o l ,  who t o l d  me t h a t  e l e c t r o n i c s  
p r o j e c t s  w e re  h i s  m a in  h o b b y , s a id :
E x t r a c t  M o, 68
S , Y e s , I  u s e d  t o  b o y  E v e ry d a y  E le c t r o n i c s  e v e r y  m o n th  -  b u t  a f t e r  
a  c o u p le  o f  y e a r s  I  b e g a n  t o  r e a l i z e  t h a t  th e  c i r c u i t s  w e re  b e in g  
r e p e a t e d .  Now I  b o r r o w  b o o k s  f r o m  th e  l i b r a r y .
I .  W o u ld  y o u  s a y  t h a t  th e  s tu d y  o f  s u c h  m a g a z in e  c i r c u i t s  h e lp e d
w i t h  th e  s c h o o l  w o rk  h e re ?
S . I n  some o f  th e  c i r c u i t s ,  y e s .  T h e y  g a ve  y o u  b lo c k  d ia g ra m s .
M o s t p e o p le  h a v e n ' t  s e e n  th e  c i r c u i t  b e f o r e ,  an d  i f  y o u  s p l i t  i t  i n t o  
s m a l l  b lo c k s ,  th e n  y o u  c a n  e x a m in e  e a c h  b lo c k  s e p a r a t e ly ,  a n d  y o u  f i n d  
y o u  c a n  ta k e  i t  i n  e a s i e r .
O th e r s  o f f e r e d  a  v a r i e t y  o f  re a s o n s  f o r  n o t  i n v e s t i g a t i n g  th e  
e l e c t r i c a l  m a g a z in e s . One f i f t h  fo r m  p u p i l  a t  a  p r i v a t e  s c h o o l ,  who 
h a d  s p o k e n  o f  h i s  a p p r e c ia t i o n  o f  th e  v a lu e  d f r e a d in g , m e n t io n e d  h i s  
i n c r e a s in g  i n t e r e s t  i n  e l e c t r o n i c s ,  a n d  r e f e r r e d  t o  th e  l e t h e r g y  o f  
h i s  c o l le a g u e s  th e n  we h a d  t h i s  e x c h a n g e r
E x t r a c t  N o , 6 9
I .  I  am i n t e r e s t e d  t o  know  i f  y o u  r e a d  a n y  o f  th e  e l e c t r o n i c
m a g a z in e s ?
S . N o . I  c a n ' t  s a y  I  d o .
I .  Y e t  y o u  a r e  i n t e r e s t e d  i n  th e  s u b je c t?
S . I t ' s  a  f i n a n c i a l  p ro b le m .
I .  P e rh a p s  y o u  c o u ld  b o r r o w  th e m  -  s a y  f ro m  y o u r  l i b r a r y ?
S : l  I  s u p p o s e  I  c o u ld .
A n o t h e r  b o y  i n  t h e  sam e c l a s s  w a s  a s k e d : " D o  y o u  r e a d  a n y  o f  t h e  
e l e c t r i c a l  m a g a z in e s ,  l i k e  W i r e l e s s  W o r ld 11 r e p l i e d ,  " I  u s e d  t o  b u y  i t .
I  h a v e n ' t  w h i l e  I ' v e  b e e n  h e r e .  M in d  y o u ,  I  r e a d  o t h e r  p e o p le 's  e l e c t r i c a l  
m a g a z in e s . "
O ne o r  tw o  o f  t h o s e  w ho  h a d  o r i g i n a l l y  t a k e n  t h e  b e g i n n e r s '  
m a g a z in e ,  E v e r y d a y  E l e c t r o n i c s , a n d  f o l l o w e d  i t s  a r t i c l e s ,  h a d  q u i t e  
q u i c k l y  d is p e n s e d  w i t h  i t  a s  t h e y  p r o g r e s s e d  i n  t h e i r  A - l e t f e l  s t u d i e s .
O ne p u p i l ,  " N i c h o l " ,  w ho  h a d  p r o g r e s s e d  m o d e r a t e ly  i n  h i s  e l e c t r i c a l  
s k i l l s , e x p l a i n e d  t h e  m a t t e r :
E x t r a c t  No 7 0
S .  I  r e a d  P r a c t i c a l  E l e c t r o n i c s  s o m e t im e s ,  b u t  I  f i n d  t h a t  I  am
m o re  i n t e r e s t e d  i n  w h a t  t h e y  o f f e r  t o  b u i l d .  I t  d e p e n d s  o n  h o w  h a r d  
t h e y  a r e .
I .  P r a c t i c a l  E l e c t r o n i c s  p r o j e c t s  t e n d  t o  b e  p r e t t y  a d v a n c e d .  Do 
y o u  k n o w  E v e r d a y  E l e c t r o n i c s , w h e re  t h e y  o f f e r  p r o j e c t s  w h ic h  a r e  e a s ie r ?
S .  Y e s .  I  k n o w .  A l t h o u g h  I ' m  n o t  r e a l l y  a n  e x p e r t ,  I  t h i n k  E v e r y d a y
E l e c t r o n i c s  t h i n g s  a r e  s im p le .  ^
^„28 A n u m b e r  o f  t h e  p u p i l s  w ho  g a v e  t h e  im p r e s s io n  t h a t  t h e y  w o u ld  b e  
w i l l i n g  t o  r e s p o n d  f r e e l y  w e re  a s k e d  w h a t  m o d i f i c a t i o n s  o r  im p r o v e m e n ts  
t h e y  c o u ld  s u g g e s t  t o  t h e i r  ow n c o u r s e s .  T h e  m o s t  f r e q u e n t  r e c o m m e n d a t io n  
w as a  w is h  f o r  m o re  l a b o r a t o r y  i n s t r u c t i o n  d i r e c t e d  t o w a r d s  e x p l a i n i n g  
t h e  f u n c t i o n s  w i t h i n  r e a l  c i r c u i t s  o f  c o m p o n e n ts  w h ic h  t h e y  s t u d ie d  
l a r g e l y  o n  a  t h e o r e t i c a l  l e v e l .  T h is  r e q u e s t  w as  s u m m a r iz e d  b y  t h e  6t h  
f o r m  b o y  w i t h  l i m i t e d  p r a c t i c a l  e x p e r ie n c e ,  w ho a s k e d  f o r  a n  e x te n d e d  
c o m p o n e n t  a n d  c i r c u i t  a n a l y s i s  t o  " F in d  o u t  w h a t  i t  d o e s  a n d  e v e n t u a l l y  
t o  w o r k  o u t  h o w  t h e  w h o le  t h i n g  w o r k s "  ( E x t é a d t  N o .  3 7 )
T r a n s i s t o r  o p e r a t i o n  w as a  r e c u r r i n g  p r o b le m  w i t h  t h o s e  who 
h a d  e n t e r e d  u p o n  e l e c t r o n i c s .  T h e r e  w e re  f r e q u e n t  e x c h a n g e s  s i m i l a r  
t o  t h e  p u p i l  w o r k in g  o n  t h e  N u f f i e l d  A d v a n c e d  P h y s ic s  c o u r s e :
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I .  J u s t  a  l a s t  q u e s t i o n :  i f  c o n d i t i o n s  w e re  i d e a l  a n d  y o u  c o u ld
s u i t  y o u r s e l f  a n d  c o u ld  a l t e r  y o u r  c o u r s e ,  w h a t  w o u ld  y o u  c h a n g e ?
S .  W e l l ,  I 'm  n o t  t o o  k e e n  o n  l i g h t  • • •  I  t h i n k  I ' d  s e e  t h a t
r e p la c e d  b y  a  l o t  m o re  o f  e l e c t r o n i c s .
I .  W ha t p a r t  o f  i t ?
S .  A l o t  m o re ' d i s c u s s i o n  o f  h o w  c o m p o n e n ts  f i t  i n t o  c i r c u i t s .  I ' d  
l i k e  m o re  o f  t r a n s i s t o r  c i r c u i t s .
Extract No. 71
A m ong t h e  s u g g e s t i o n s  w e re  s t ' r o n g  c a l l s  f o r  m o re  " V i s u a l "  o r  
" G r a p h ic "  a i d s :  o n e  5 t h  f o r m  b o y ,  " R u p e r t "  w ho w a s  i d e n t i f i e d  a s
a  s t r o n g  " V i s u a l i z e r " , m a d e  o u t  a  c a s e  f o r  d y n a m ic  d e m o n s t r a t i o n s :
E x t r a c t  N o . 7 2
I .  L o o k in g  b a c k  o v e r  y o u r  ow n  e x p e r ie n c e  i n  l e a r n i n g  a b o u t
e l e c t r i c i t y  a n d  e l e c t r o n i c s ,  c a n  y o u  m ake  a n y  r e c o m m e n d a t io n s  f o r  
im p r o v e m e n t?
S .  W e l l ,  i f  I  c o u ld  b r i n g  i n  my h o b b y  -  I  t h i n k  t h a t  c o m p u te r
a n im a t i o n  w o u ld  h e l p  a  l o t .  S a y ,  b y  s h o w in g  e l e c t r o n s  a l o n g  a  w i r e  
a n d  i n t o  c o m p o n e n ts ,  s o  t h a t  p e o p le  c o u ld  a c t u a l l y  b e l i e v e  t h a t  t h e y  x 
w e re  t h e r e .  O u r  P h y s i c s  m a s t e r  h a s  a t t e m p t e d  t o  w r i t e  p r o g r a m s  o n  
h i s  s p e c t r u m  c o m p u t e r .  He w as t r y i n g  t o  i l l u s t r a t e  ho w  t h e  h o le s  a n d  
e l e c t r o n  m o ve d  i n  t r a n s i s t o r s .  He h a d  a  s l i g h t  p r o b le m  w i t h  h i s  
g r a p h i c s .  I f  I  h a d  s o m e th in g  l i k e  t h a t  w h e n  s t u d y i n g  r e a c t a n c e ,  i t  w o u ld  
h a t fe  b e e n  e a s i e r  f o r  m e . I  h a v e  n e v e r  q u i t e  u n d e r s to o d  w h a t  i t  i s ,  
b u t  I  am w i l l i n g  t o  a c c e p t  i t  a s  a  s o r t  o f  i d e a  t o  h e l p  w i t h  t h e  
m a th e m a t ic s  o f  i t .
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A n o ta b le  d i f f e r e n c e  b e tw e e n  th e  v o c a t io n a l  s tu d e n t s  a n d  th e  
s c h o o l  p u p i l s  i s  t h a t  th e  fo r m e r  f e e l  a  n e e d  t o  t r a n s f e r  t h e o r e t i c a l  
k n o w le d g e  q u i c k l y  i n t o  p r a c t i c a l  e x p e r ie n c e .  M o s t o f  th o s e  who 
t a l k e d  w i t h  me a t  th e  t e c h n i c a l  c o l le g e s  a p p r e c ia te d  th e  im p o r ta n c e  
o f  c la s s ro o m  i n s t r u c t i o n ,  a n d  t h e  c o n s id e r a b le  e f f o r t s  o f  th e  te a c h e r s  
t o  c o n v e y  th e  fu n d a m e n ta ls  c l e q r l y  a n d  w i t h o u t  u n n e c e s s a ry  c o m p l ic a t ­
i o n s ;  b u t  th e y  a l l  e x p re s s e d  i n  v a r io u s  fo rm s  t h e i r  s t r o n g  i n c l i n a t i o n  
t o  w o rk  o v e r  th e  t h e o r e t i c a l  d e s c r i p t i o n s  i n  m a t e r i a l  c i r c u i t s  a t  th e  
w o rk s h o p  b e n c h .
An e x a m p le  o f  t h i s  f e e l i n g  was g iv e n  b y  a  f i r s t  y e a r  t r a in e e  
t e c h n i c i a n ,  " L e o "  w hen t a l k i n g  o f  th e  p ro b le m s  he  h a d  e n c o u n te r e d  
e a r l i e r  on  h i s  c o u r s e :
4 . 3 0
E x t r a c t  N o . 76
S . W e l l ,  th e  m a in  t h i n g  i s  -  w hen th e  te a c h e r  e x p la in s  w h a t a  c i r c u i t  
d o e s ,  o r  a  c o m p o n e n t d o e s  -  i s  s e e in g  th e  u s e s  o f  i t .  You k n o w , y o u :s e e  
d i f f e r e n t  c o m p o n e n ts , an d  w hen y o u  a d d  th e  tw o  t o g e t h e r  y b u  g e t  s o m e th in g  
t o t a l l y  d i f f e r e n t  t o  w h a t y o u  e x p e c t  -  th e n  y o u  u n d e r s ta n d .
I .  Can y o u  g iv e  me a n  e x a m p le ?
S . Y e s . You know  w hen y o u  t a l k  a b o u t  c a p a c i t o r  s t o r i n g  e n e rg y  a n d  
c h a r g in g  u p  a n d  t h a t  -  i t ' s  n o t  u n t i l  y o u  p u t  i t  w i t h  a  r e s i s t o r  t h a t  
y o u  s e e  w h a t u s e  i s  th e  t im e  c o n s t a n t .  You d o n ' t  r e a l i z e  w h a t u s e  i t
was u n t i l  y o u  p u t  i t  w i t h  th e  r e s i s t o r .
He e x p la in e d  w hy  in d u c ta n c e  was t o  h im  s o m e th in g  o f  a  m y s te r y :
S .  In d u c ta n c e  d o e s n ' t  mean a  l o t  t o  me -  n o t  a s  m uch a s  c a p a c i t a n c e .
I .  A re  y o u  a b le  t o  s a y  w hy y o u  le a r n e d  l e s s  a b o u t  in d u c ta n c e ?
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S .  W e l l ,  w h a t  we h a v e  b e e n  d o in g  s o  f a r  h a s  b e e n  i n  c l a s s :  we
h a v e n ’ t  com e t o  a n y  p r a c t i c a l  u s e s  o f  i t .  We h a v e  j u s t  b e e n  l e a r n i n g
a b o u t  w h a t  h a p p e n s  t o  c u r r e n t  a n d  v o l t a g e , , a n d  im p e d e n c e .  B u t  we n e v e r  
s o r t  o f  s e e  w h a t  t h e y  d o  a n d  w h y .
I .  S o  t h e  p r a c t i c a l  w o r k  i s  v e r y  im p o r t a n t  t o  y o u  i n  l e a r n i n g  a n d
re m e m b e r in g ?
S .  O h , d e f i n a t e l y .  I  s h o u ld  t h i n k  s o *  I n  c la s s  y o u  s o r t  o f  s i t
b a c k  a n d  s o m e t im e s  y o u  d o n ’ t  u n d e r s t a n d ,  b u t  w h e n  y o u  a c t u a l l y  s e e  i t  
a n d  t h a t  i n  p r a c t i c á i s  * • •
A l i t t l e  l a t e r  i n  t h e  i n t e r v i e w  h e  s a i d :
’ ' I t ’ s  a  l o t  m o re  i n t e r e s t i n g  w h e n  y o u  a c t u a l l y  s e e  i t  a n d  a c t u a l l y
d o  i t .  I t ’ s  a  l o t  b e t t e r  t h a n  s i t t i n g  a n d  w a t c h in g  i t  o n  t h e  b o a r d .  Y o u
c a n  d o  t h e  p r a c t i c a l  f i r s t  a n d  t h e n  y o u  c a n  g e t  r e a l l y  i n t e r e s t e d ,  a n d  
y o u  c a n  g e t  t o  k n o w  w h a t  h a p p e n s .  S o m e t im e s  t h e  t h e o r y  c a n  b e  r e a l l y  
d e e p  a n d  g o  o n  f o r  a  l o n g  t im e ,  a n d  t h a t ,  a n d  b y  t h e  t im e  y o u ’ v e  g o t  t o  
t h e  e n d ,  y o u  a r e  s o  d a z z le d  t h a t  y o u  h a v e  f o r g o t t e n  w h a t ’ s  h a p p e n e d  b e f o r e .
A c o l le a g u e  o f  " L e o " ,  h a d  s i m i l a r  f e e l i n g s  o n  t h i s  m a t t e r .  " B r i a n "
s a i d ;
E x t r a c t  N o .  7 7
S .  Y o u  s o r t  o f  l i s t e n  a n d  g o  a w a y  t h i n k i n g  y o u  u n d e r s t a n d ,  t h e n  y o u  
l o o k  b a c k  a t  i t  a n d  y o u  f i n d  t h a t  y o u  s t i l l  c a n ’ t  u n d e r s t a n d .  I t  h a s n ’ t  
r e a l l y  s u n k  i n .  B u t  d o in g  s o m e th in g  y o u r s e l f  m ake s  i t  s t a n d  o u t .  I t ’ s  
m u ch  b e t t e r  t h a n  w a t c h in g  i t  o n  t h e  b o a r d .  Y o u  c a n  d o  t h a t  a l l  d a y ,  b u t  
a c t u a l l y  b u i l d i n g  s o m e th in g ,  i t  s t a n d s  o u t  i n  y o u r  m e m o ry .
A s m a l l  g r o u p  o f  s t u d e n t s  f r o m  t h e  sam e c l a s s ,  w h e n  t a l k i n g  t o  me 
i n f o r m a l l y ,  i n s t a n c e d  t h e i r  c u r r e n t  s t u d y  o f  '’t r a n s i s t o r  a m p l i f i e r  
c i r c u i t s :  t h e y  fo u n d  t h e  l e c t u r e s  " b o r i n g , "  b u t  t h e  a c t u a l  b u i l d i n g  o f
t h e  sam e c i r c u i t  w a s  " e x c i t i n g . "  T h e y  a g r e e d  t h a t  t h e y  a l l  p r e f e r r e d ,  
g i v e n  t h e  c h o i c e ,  t o  l e a r n  f r o m  t h e  i n s t r u c t o r  a t  t h e  b e n c h ,  a n d  b e l i e v e d  
t h a t  " t h e  l e a r n i n g  i s  q u i c k e r . "
T h e  d i f f i c u l t y ,  w h ic h  m a n y  o f  t h e  " V i s u a l i z e r s "  h a v e  i n  c o p in g  w i t h  
- th e  t r a d i t i o n a l  t e a c h in g  o f  e l e c t r i c a l  p r i n c i p l e s  w as b r o u g h t  o u t  b y  
" D u n c a n "  w ho fo u n d  a  p a r t i c u l a r  d i f f i c u l t y  w i t h  in d u c t a n c e :
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Extract No. 78
S . I  t h i n k  th e  m a in  t h i n g  w i t h  in d u c ta n c e  i s  t h a t  th e y  t a l k  a b o u t
i t  i n  c la s s  a s  i f  y o u  c o u ld  im a g in e  th e  f l u x ,  and  i t ' s  OK i f  y o u  c a n  
s t i c k  i n t o  y o u r  m in d  w h e re  t h e r e  i s  f l u x  th e r e  i s  in d u c ta n c e  -  b u t  I  
c a n ' t  s e e  i t ,  I  l i k e  m e c h a n ic a l  t h i n g s ,  l i k e  a n  e n g in e  w i t h  p i s t o n s  
g o in g  i n  an d  o u t ,  m o v in g  u p  a n d  d o w n . B u t  w i t h  t h i s  c o i l  I  c a n ' t  se e  
a n y t h in g .
I .  H ave y o u  b e e n  a b le  t o  g e t  a n y  h e lp  f r o m  th e  b o o k s  i n  th e
l i b r a r y ?
S . To be q u i t e  h o n e s t ,  I  go t o  th e  l i b r a r y  a n d  . . .  t o  me,
p e r s o n a l l y ,  I  d o n ' t  t h i n k  th e  b o o k s  te a c h  y o u  m uch . I  n e e d  a  p e rs o n  
t o  a c t u a l l y  d e m o n s t ra te  a n d  s a y ,  " L o o k ,  t h i s  i s  i t , "  a n d  t o  e x p e r im e n t .  
J u s t  t o  show  t h a t  t h a t  i s  i t .
DISCUSSION
k .31  s u c c e s s  w h ic h  t h e  v o c a t i o n a l  s t u d e n t s  h a v e  i n  o b t a i n i n g  
c l a r i f i c a t i o n  o f  b a s i c  p r i n c i p l e s  t h r o u g h  t h e  im m e d ia te  a p p l i c a t i o n  
o f  th e m  i n  p r a c t i c a l  c i r c u i t s  s u g g e s ts  a  u s e f u l  m e th o d  o f  a s s i s t i n g  
s c h o o l  p u p i l s  a n d  o t h e r s  w ho h a v e  d i f f i c u l t y  i n  a b s o r b in g  t h e  
i n f o r m a t i o n  f r o m  t h e  r e g u l a r  c l a s s  t e a c h in g .  T o  a  l i m i t e d  d e g r e e  
a  s i m i l a r  a p p r o a c h  i s  e m p lo y e d  b y  som e t e a c h e r s  w ho u s e  a n d  a d a p t  
e le m e n ts  o f  t h e  N u f f i e l d  A d v a n c e d  P h y s ic s  c o u r s e ,  b u t  m o s t  t e a c h e r s  
r e g a r d  a n y  s i m p l i f i c a t i o n  o f  t h e  t r a d i t i o n a l  r i g o u r  a s  u n d e s i r a b l y  
w e a k n e s s .  T h e  e x p e r ie n c e  o f  t h e  v o c a t i o n a l  s t u d e n t s  d o e s  i n d i c a t e  
t h a t  a  p r o p o r t i o n  o f  t h o s e  f o l l o w i n g  a c a d e m ic  c o u r s e s  m ig h t  b e n e f i t  
b y  t h e  im m e d ia te  t r a n s f e r  o f  t h e  c la s s r o o m  t h e o r y  t o  p r a c t i c a l  c i r c u i t  
p r o j e c t s .
T h e  v o c a t i o n a l  s t u d e n t s '  n e e d  t o  k n o w  o f  t h e  p r a c t i c a l  a p p l i c a t i o n  
” i n  r e a l  l i f e ”  c o n d i t i o n s ,  o f  t h e  t h e o r e t i c a l  m a t t e r s  e x p la in e d  a t  t h e  
b l a c k b o a r d .  F o r  m o s t  t h i s  m ea ns  h a n d l i n g  o r  c o n s t r u c t i n g  c i r c u i t s  
i n c o r p o r a t i n g  t h o s e  p h e n o m e n a . T h is  n e e d  i s  c l e a r l y  b r o u g h t  o u t  i n  
E x t r a c t  N o .  76 w h e re  " L e o 11 w as w a i t i n g  t o  l e a r n  w h a t  in d u c t a n c e  " c a n  d o ,  
a n d  w h y . ”  F o r  t h e  v o c a t i o n a l  s t u d e n t  u n d e r s t a n d in g  o f  e l e c t r i c a l  
p h e n o m e n a  i s  c l o s e l y  c o n n e c te d  w i t h  p e r s o n a l  e x p e r ie n c e  o f  c i r c u i t s  
o b s e r v e d  a t  t h e  w o r k  b e n c h ,a n d  v i v i d  m e m o ry  o f  b a s i c  p r i n c i p l e s  i s  
g a in e d  b y  t h e  s a t i s f a c t i o n  o f  e x a m in in g  o r  c o n s t r u c t i n g  t h e  a p p r o p r i a t e  
c i r c u i t s ,  r a t h e r  t h a n  t h r o u g h  i n t e l l e c t u a l  i n v e s t i g a t i o n .
F o r  t h o s e  o f  s t r o n g  ” V i s u a l i z e r "  t e n d e n c y ,  l i k e  ” D u n c a n ”  ( E x t r a c t  N o .78 ) ,  
i n d u c t a n c e  a s  a  p h e n o m e n o n  i s  a lm o s t  m e a n in g le s s  w i t h o u t  v i s u a l  d e m o n -  
s t r a t i o n ,  p r e f e r a b l y  w i t h  t h e  a c c o m p a n im e n t  o f  a n  i n s t r u c t o r ’ s  c o m m e n ta ry
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d u r i n g  t h e  c o u r s e  o f  c a r e f u l l y  d e s ig n e d  p r a c t i c a l  e x p e r im e n t .  F o r  s u c h  
p e r s o n s  t h e  f u l l  c o m p r e h e n s io n  o f  t h e  p h e n o m e n a  o f  c a p a c i t a n c e  a n d  
i n d u c t a n c e  a n d  t h e i r  im p o r t a n c e ,  i s  l i k e l y  t o  b e  o b t a in e d  m o s t  e f f e c t i v e l y  
t h r o u g h  a  c o m b in a t io n  o f  p e r s o n a l  e x p e r im e n t  a n d  a u t h o r i t a t i v e  c o m m e n ta ry  
l i n k i n g  t h e o r y  w i t h  e x p e r im e n t .  F o r  s u c h  s t u d e n t s  t h e  g r a p h ic  c o n f i r m a t i o n  
o f f e r e d  b y  t h e  o s c i l l o s c o p e , w i t h  i t s  d y n a m ic  im a g e s ,  i s  e s p e c i a l l y  
v a l u a b l e .
T h e  v o c a t i o n a l  s t u d e n t s  o b t a in e d  b o t h  s a t i s f a c t i o n  a n d  p l e a s u r e  i n  
b u i l d i n g  t h e i r  c i r c u i t s  i l l u s t r a t i n g  f u n d a m e n t a l  p r i n c i p l e s ,  a n d  i t  i s  
w o r t h y  o f  n o t e  t h a t  t h e y  b e l i e v e d  t h a t  t h e y  le a r n e d  m o s t  e f f e c t i v e l y  
w h i l e  e n g a g e d  i n  s u c h  p l e a s u r a b le  a c t i v i t i e s .  T h e r e  i s  p e r h a p s  a  l e s s o n  
t o  b e  l e a r n e d  h e r e  w h ic h  i s  a p p l i c a b l e  t o  s c h o o l  l a b o r a t o r y  w o r k :  t h a t
t h e  p r a c t i c á i s  d o  n o t  r e q u ^ i r e  t o  b e  t h e  v e h i c l e  f o r  a p p l y i n g  e x a c t  
m e a s u re m e n t  t o  c o n f i r m  m a t h e m a t ic a l  t h e o r y ,  b u t  c a n  b e  a  m ea ns  o f  
p l e a s u r a b le  r e i n f o r c e m e n t  >pf b a s i c  t h e o r y .
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An im p o r t a n t  d i f f e r e n c e  b e tw e e n  s c h o o l  p u p i l s  a n d  th e  v o c a t io n a l  
s tu d e n t s  o f  s i m i l a r  age  i s  t h a t  th e  v o c a t i o n a l  s tu d e n t s  a r e  n o t  u s u a l l y  
r e q u i r e d  t o  resqd u p  t h e i r  s u b je c t  i n  th e  t e x t b o o k s .  T h e i r  t h e o r e t i c a l  
k n o w le d g e  i s  s u p p l ie d  b y  th e  te a c h e r s  i n  th e  c la s s ro o m  a n d  s u p p le m e n te d  
b y  h a n d - o u ts  in te n d e d  f o r  r e f e r e n c e .  M o s t o f  th e  te a c h e r s  a c k n o w le d g e  
th e  f a c t  t h a t  fe w  o f  t h e i r  s tu d e n t s  h a v e  th e  e x p e r ie n c e ,  n a t u r a l  i n c l i n ­
a t i o n ,  o r  l i t e r a r y  s k i l l s  w h ic h  w o u ld  a l lo w  them  t o  r e s e a r c h  t h e i r  own 
s t u d ie s  i n  th e  t e x t b o o k s .  A l t h o u g h  i n  r e c e n t  y e a rs  a  ra n g e  o f  p u b l i c a t ­
io n s  h a v e  a p p e a re d  s p e c i f i c a l l y  t o  c a t e r  f o r  th e  T e c h n ic a l  E d u c a t io n  
C e r t i f i c a t e s ,  n o n e  o f  th e  te a b h e r s  I  s p o k e  w i t h  a p p e a r  t o  h a v e  d i r e c t e d  
t h e i r  s t u d e n t s  t o  th e m ; in s t e a d ,  th e y  p r e f e r  t o  g iv e  b la c k b o a r d  i n s t r u c t ­
io n ^  n o te s ,  a n d  h a n d - o u ts  on  s e le c t e d  t o p i c s  w h ic h  e x p e r ie n c e  h a s  show n  
r e q u i r e  p a r t i c u l a r  s tu d y  a n d  r e v i s i o n .
W h i le  some o f  th e  y o u th s  I  in t e r v ie w e d  an d  t a l k e d  w i t h  do  make u s e  
o f  th e  l i b r a r y  f a c i l i t i e s  a t  t h e i r  c o l le g e s ,  t h e  m a j o r i t y  g a ve  me t o  
u n d e r s ta n d  t h a t  th e y  w e re  a v e r s e  t o  p e r s o n a l  r e a d in g  f o r  i n f o r m a t i o n  
o r  c l a r i f i c a t i o n .  B y  c o m p a r is o n  w i t h  t h e  s c h o o l  p u p i l s ,  a  n o t a b le  c o n t r a s t  
i n  t h e i r  a t t i t u d e  to w a rd s  l e a r n in g  was t h a t  th e y  f e l t  l i t t l e  o r  n o n e  o f  
th e  g u i l t  o r  e m b a rra s s m e n t e x p e r ie n c e d  b y  t h e  s c h o o l  p u p i l s  w hen th e y  
e n c o u n te r e d  d i f f i c u l t i e s  i n  c o m p re h e n d in g  a n y  o f  th e  fu n d a m e n ta l  t o p i c s ,  
I n s t e a d  o f  s e e k in g  a s s is ta n c e  f r o m  t h e i r  f e l l o w  p u p i l s ,  o r  c o n s u l t i n g  
th e  t e x t b o o k s ,  t h e i r  im m e d ia te  a c t i o n  was t o  go t o  t h e i r  i n s t r u c t o r s  
w i t h  t h e i r  p r o b le m s ,  a n d  f r e q u e n t l y  s e e k  th e  p r a c t i c a l  a p p l i c a t i o n  o f  
th e  p r i n c i p l e  a n d  i n q u i r e  i n  w h a t w ay t h a t  r e l a t e d  t o  th e  m a t t e r  w h ic h  
was c a u s in g  th e m  th e  d i f f i c u l t y .  T h e i r  te a c h e r s ,  k n o w in g  t h i s  te n d e n c y ,  
e x e r t  c o n s id e r a b le  p a in s  t o  a ccom m oda te  t h i s  a p p ro a c h  a n d  d e v is e  p r a c t i c a l
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p r o j e c t s  w h ic h  i n c o r p o r a t e  t h e  p r i n c i p l e s  w h ic h  t h e i r  s t u d e n t s  m u s t  
m a s te r  t o  c a r r y  o u t  t h e i r  f u t u r e  i n d u s t r i a l  o r  s e r v i c e  d u t i e s .
A n  e x a m p le  o f  t h i s  w a s  g i v e n  t o  me b y  a  t r a i n e e  t e c h n i c i a n  
a p p r o a c h in g  t h e  e n d  o f  t h e  1 s t  y e a r  o f  h i s  c o l l e g e  c o u r s e ,  w ho h a d  
p r e v i o u s l y  e x p e r ie n c e d  d i f f i c u l t y  i n  u n d e r s t a n d in g  t h e  f u n c t i o n  o f  a  
t r a n s i s t o r .
E x t r a c t  N o .  7 9
S .  I ’ m. d e s ig n in g  t h i s  e l e c t r i c a l  c i r c u i t  w h ic h  h a s  p h o t o - e l e c t r i c  
r e s i s t o r s  a n d  s w i t c h e s ,  a n d  a s  i t  i s  b r o k e n  i t  o p e r a t e s  a  s o l e n o id  
w h ic h  m a ke s  a  ra m p  m ove u p w a rd  t o  p u s h  s o m e th in g  o f f  a  c o n v e y e r  b e l t .
We u s e  tw o  t r a n s i s t o r s  i n  i t ,  a n d  a  fe w  r e s i s t o r s .  W e 'r e  w o r k in g  o n  
i t .  I  c a n  s e e  h o w  a  t r a n s i s t o r  w o r k s  b e t t e r  n o w y  a s  I  am d o in g  t h i s .
I t  i s  e a s i e r  t h a n  t h e  t h e o r y .  Y ou  d o n ’ t  r e a l l y  re m e m b e r  i t  u n t i l  
y o u  a c t u a l l y  s e e  t h a t ’ s  h a p p e n in g  h e r e .  We g o t  a n  o s c i l l o s c o p e ,  a n d  
t h e n  we s a w  w h a t  w a s  n e e d e d ,  a n d  t h i n g s  l i k e  t h a t .
i f . 33 Some o f  t h e  t e c h n i c a l  s t u d e n t s  d i d  d i p  i n t o  e l e c t r o n i c  m a g a z in e s ,  
b u t  fe w  o f  th e m  d i d  t h i s  w i t h  a n y  r e g u l a r i t y ,  b e c a u s e  a s  o n e  y o u t h  p u t  i t  
" I  f i n d  th e m  a  b i t  h e a v y . ”  Some o f  t h e  i n t e r v ie w e e s  h a d  t a k e n  c o n s t r u c t ­
i o n  p r o j e c t s  f r o m  H o b b y  E l e c t r o n i c s  o r  E ve ryday  E l e c t r o n i c s , r e l y i n g  o n  
t h e i r  m o re  a d v a n c e d  w o r k - s h o p  c o l le a g u e s  f o r  a n y  n e c e s s a r y  a s s i s t a n c e .
T h e  m a j o r i t y  o f  t h e  t e c h n i c a l  s t u d e n t s  d i s p la y e d  a  d e g r e e  o f  n e r v o u s n e s s  
i n  d i s c u s s i n g  t h e  b o o k s  o r  m a g a z in e  a r t i c l e s  w h ic h  c o u ld  p r o m o te  t h e i r  
s t u d i e s ;  t h e i r  a t t i t u d e  was s u m m a r iz e d  b y  o n e  y o u t h  w ho c o n f id e d  t o  
m e : ’ ’T e x t b o o k s !  I  d o n ' t  l i k e  t o  u s e  th e m  b e c a u s e  I  f i n d  th e m  c o n f u s in g .
I f  I ' v e  a  p r o b le m  I  g o  t o  t h e  t e a c h e r  a n d  a s k  a b o u t  i t .  I t ' s  d i f f i c u l t ,  
y o u  k n o w , t o  u n d e r s t a n d  a  t e x t b o o k . ”
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A n e x c h a n g e  w i t h  a  s e c o n d  t e r r a  d a y - r e le a s e  b o y ,  " B r i a n 11 a t  a  
t e c h n i c a l  c o l l e g e  i s  c h a r a c t e r i s t i c  o f  m a n y :
E x t r a c t  N o ,  8 0
(H e  h a d  e x p r e s s e d  a  d i s i n c l i n a t i o n  t o  c o n s u l t  t h e  t e x t b o o k s )
I ,  C a n  y o u  t e l l  me a  l i t t l e  w h y  y o u  f i n d  i t  s o ?
S .  W e l l ,  i n  som e o f  t h e  e l e c t r o n i c  b o o k s  t h e r e  i s  . . .  y o u  g e t
a  d i f f e r e n t  s o r t  o f  la n g u a g e .  Som e p e o p le  c a l l  t h i n g s  b y  d i f f e r e n t  
n a m e s : t h a t ’ s  v rh a t  I  f i n d  c o n f u s i n g .
(T h e  i l l u s t r a t i o n s  w e re  m o re  m e a n in g f u l )
I .  A r e  n o t  t h e  i l l u s t r a t i o n s  a n d  d ia g r a m s  h e l p f u l  t o  y o u ?
S .  T h e y  a r e .  S o m e t im e s  y o u  c a n  s e e  i t  im m e d ia t e ly .  B u t  s o m e t im e s ,
I  l o o k  a t  i t ,  a n d  I  c a n ' t  s o r t  o f  p i c t u r e  i t .  B u t  w h e n  I  c a n  s e e  i t ,  
t h e n  t h e y ’ r e  a  r e a l  h e l p ,  y o u  k n o w .  T h e y  a r e  b e t t e r  t h a n  t h e  w r i t i n g . "
A s e c o n d  y e a r  s e r v i c e  e n g in e e r  w ho  a c k n o w le d g e d  t h a t  i n  t h e  p a s t  
h e  h a d  e x p e r ie n c e d  d i f f i c u l t i e s  i n  u n d e r s t a n d in g  t h e  a c t i o n  o f  t h e  
c a p a c i t o r  c o m m e n te d :
E x t r a c t  N o .  8 l
S .  I t ' s  d i f f i c u l t  t o  k n o w  ho w  t o  s a y  i t  . . .  t h e y  a r e  n o t  a s
s t r a i g h t f o r w a r d  a s  o t h e r  t h i n g s  l i k e  r e s i s t o r s ,  w h e re  i t  i s  s im p le  
t o  u n d e r s t a n d  b e c a u s e  t h e r e  a r e  o t h e r  s i m i l a r  t h i n g s  i n  e v e r y d a y  l i f e .
I .  V /e re  y o u  n o t  a b l&  t o  g e t  som e h e l p  f r o m  t h e  b o o k s ?
S .  T h e y  a r e  h e l p f u l  i n  som e w a y s ,  b u t  t h e y  g e t  e x t r e m e ly  m a t h e m a t ic a l  
a n d  i t  c a n  b e  v e r y  h e a v y  g o in g ,  a n d  d i f f i c u l t  t o  g e t  t h e  i n f o r m a t i o n  o u t .  
I  t e n d  t o  l e a r n  b y  e x p e r ie n c e  o f  w h a t  t h e y  d o  r a t h e r  t h a n  l e a r n  f r o m  t h e  
b o o k s  w h a t  t h e y  c a n  d o .  Y o u  s t a r t  u s i n g  th e m  a n d  l e a r n  b y  e x p e r i e n c e .
F o r  me p r a c t i c e  i s  a  l o t  b e t t e r  t h a n  t h e o r y .  P r o j e c t s  a r e  a  l o t  m o re  
h e l p f u l  - b e i n g  h e r e ,  a n d  a c t u a l l y  m a k in g  c i r c u i t s .
A  s e c o n d  y e a r  t e c h n i c i a n ,  " D u n c a n "  o f f e r e d  me h i s  r e a s o n s  f o r  
a v o i d i n g  t e x t b o o k  u s e  w h e n e v e r  p o s s i b l e :
E x t r a c t  N o . 8 2
S .  O h , t h e  t e x t b o o k s ,  w e l l ,  i t s  q u i t e  c o m p le x :  f i r s t  y o u  o p e n  a
t e x t o o k ,  b u t  t h e y  w r i t e  t h e  w a y  t h e  a u t h o r  t h i n k s  i s  r i g h t ,  b u t  i t ' s
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n o t  r i g h t  f o r  me -  m y w a y  o f  l e a r n i n g .  I t ’ s  l i k e  a  p r o f e s s o r  t e a c h in g  
i n  a  p r im a r y  s c h o o l :  h e  w o u ld  n e v e r  m ake  i t .
A g a in ,  i t  t a k e s  s o  l o n g .  F o r  e x a m p le ,  I  w a n t  t o  f i n d  a  d e f i n i t i o n
o f  s o m e th in g ,  b u t  i n  t h e  b o o k  I  c a n ' t  f i n d  i t ,  a n d  I  am r e f e r r e d  b a c k
t o  s o m e th in g  e l s e ,  a n d  I  f i n d  I  h a v e  t o  s t a r t  a t  t h e  b e g i n n i n g  t o  u n d e r ­
s t a n d  a  d ia g r a m  a t  p a g e  2 1 7 .  O h -  I  j u s t  g i v e  u p .
2?0
D IS C U S S IO N
^ • 3 ^  O ne p o i n t  w h ic h  e m e rg e d  r e g a r d i n g  t h e  t e c h n i c a l  s t u d e n t s  a t t e m p t s  
t o  c o n s u l t  t e x t b o o k s  i n  t h e  l i b r a r y  i s  t h a t  s e v e r a l  o f  th e m  c o m p la in e d  
t h a t  i t  i n v o l v e d  " s o  m uch  t i m e . ”  C l e a r l y  m an y  h a d  d o n e  t h e  m in im u m  o f  
r e a d i n g  d u r i n g  t h e i r  s c h o o l  d a y s ,  a n d  f o u n d  i t  d i f f i c u l t  t o  c o n c e n t r a t e  
o n  t h e  w r i t t e n  w o r d ,  a n d  t h e y  r e a d  s l o w l y  a n d  w i t h  c o n s c io u s  e f f o r t .  
R e g a r d in g  t h e  c l a r i f i c a t i o n  o f  d i f f i f i c u l t i e s  a n d  t h e i r  r e l u c t a n c e  t o  
r e a d  i n  t h e  l i b r a r y ,  tw o  o r  t h r e e  y o u t h s  e x p la in e d  t o  m e : " I t ' s  q u i c k e r
t o  l e a r n  f r o m  t h e  t e a c h e r  a t  t h e  b e n c h . ”
D i s c u s s io n s  w i t h  t e c h n i c a l  c o l l e g e  l i b r a r i a n s  c o n v in c e  me t h a t  
t h e y  a r e  w e l l  a w a re  o f  t h e  r e l u c t a n c e  o f  t h e  d a y - r e le a s e  a n d  e le m e n t a r y  
s t u d e n t s  t o  t a k e  a d v a n ta g e  o f  t h e i r  f a c i l i t i e s .  T h e y  se e m  t o  h a v e  
a c c e p t e d  t h e  p o s i t i o n  t h a t  o n l y  t h e  m o re  a d v a n c e d  o r  o l d e r  s t u d e n t s  
w i l l  r e a d  a n y t h i n g  b e y o n d  t h e  t e a c h e r s '  t h e o r y - n o t e s  o r  l a b o r a t o r y  e x p e r ­
im e n t  d e s c r i p t i o n s ,  a n d  a r e  r e s i g n e d  t o  t h e  f a c t  t h a t  t h o s e  t e x t b o o k s  
w r i t t e n  e s p e c i a l l y  t o  a c q u a in t  t h e  new  t e c h n i c a l  s t u d e n t s  w i t h  t h e  
f u n d a m e n t a l  p r i n c i p l e s  o f  e l e c t r i c i t y  a n d  e l e c t r o n i c s ,  w i l l  r a r e l y  b e  
r e a d  b y  a n y  b u t  t h e  s e c o n d  o r  t h i r d  y e a r  s t u d e n t s  s e e k in g  r e v i s i o n  
m a t e r i a l .
I t  i s  im p o r t a n t  t h a t  t h e  v o c a t i o n a l  s t u d e n t s  s h o u ld  b e  m ade a w a re  
o f  t h e  e x i s t e n c e  o f  t h e  n e w e r  p u b l i c a t i o n s  w r i t t e n  f o r  t h e  T e c h n ic a l  
E d u c a t io n  C o u r s e s ,  a n d  t h a t  a t t e m p t s  b e  m ade t o  o v e rc o m e  t h e i r  a n x i e t i e s  
a n d  d i s i n c l i n a t i o n s  b y  g e n t l e  c o n d i t i o n i n g  i n  t h e  f o r m  o f  g r o u p  r e a d in g s  
i n  t h e  r e l e v a n t  s e c t i o n s  o f  t h e s e  s p e c i a l l y  p r e p a r e d  t e x t s ,  s u c h  a s  
t h o s e  p u b l i s h e d  b y  P i t m a n ,  G ra n a d a  T e c h n ic a l  B o o k s ,  J o h n  M u r r a y ,  a n d  
t h e  O x fo r d  U n i v e r s i t y  P r e s s , t o  a c c o m p a n y  s p e c i f i e d  T . E . C .  m o d u le s .
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A l l  th e  t e c h n i c a l  c o l le g e  s t u d e n t s  c o u ld  e a s i l y  r e a d  th e  
c r y s t a l  s e t  d ia g ra m , a n d  m o s t o f  th o s e  who w e re  a p p r o a c h in g  th e  
en d  o f  t h e i r  t h i r d  te r m  c o u ld  o f f e r  a  s a t i s f a c t o r y  c o m m e n ta ry  on  
th e  tw o  t r a n s i s t o r  a m p l i f i e r #  I t  i s  i n t e r e s t i n g  t h a t  t h e i r  
r e g u l a r  h a n d l in g  o f  p r a c t i c a l  c i r c u i t s  a l lo w e d  them  t o  a p p ro a c h  
b o th  c i r c u i t s  i n  a  m e th o d ic a l  m a n n e r a p p ro v e d  b y  e l e c t r i c a l  
t e c h n i c i a n s ,  so  t h a t  i n  th e  c o u rs e  o f  f o l l o w i n g  s i g n a l  p a th s  
a n d  n o t i n g  c u r r e n t s  a n d  c o m p o n e n t g r o u p in g s ,  t h e y  fo u n d  r e c o g ­
n iz a b le  b lo c k s  o f  u n i t s  w h ic h  a l lo w e d  th e m  t o  i d e n t i f y  th e  s y s te m  as  
a  w h o le .
A c h a r a c t e r i s t i c  e x a m p le  o f  th e  t r a in e e  t e c h n i c i a n  a p p ro a c h  
t o  c i r c u i t  d ia g ra m  r e a d in g  was g iv e n  b y  a  f i r s t  y e a r  s t u d e n t ,
" E r n e s t "
E x t r a c t  N o . 8 3
S . I  w o rk  f r o m  one  e n d , g o in g  th r o u g h  e v e r y t h in g  -  n o r m a l ly ,  I
go f r o m  p o s i t i v e  t o  th e  e a r t h  o r  n e g a t iv e  e n d . I ' d  f o l l o w  i t  ro u n d ,  
a n d  w hen  I  g o t  t o  e a c h  c o m p o n e n t, I ' d  s e e  w h e re  th e  c u r r e n t  w e n t ,  a n d  
f o l l o w  th r o u g h  th e  d i f f e r e n t  b r a n c h e s .
I .  I n  t h i s  c a s e  c o u ld  y o u  ta k e  y o u r  p a th  th r o u g h  t h i s  ( c r y s t a l  s e t ) ?
S .  I ' d  come down th r o u g h  t h i s  v a r i a b le  in d u c ta n c e ,  -  i t ' s  c o n n e c te d
t o  a  v a r i a b le  c a p a c i t o r ,  w h ic h  i s  c o n n e c te d  t o  th e  p o s i t i v e  end  o f  th e  
d io d e ,  w h ic h  i s  c o n n e c te d  t o  t h i s  h e a d p h o n e s , th e n  i t  com es b a c k  t o  th e  
o t h e r  en d  o f  th e  v a r i a b le  c a p a c i t o r ,  a n d  t h a t ' s  th e  e n d  o f  th e  c i r c u i t .
I .  And a r e  y o u  a b le  t o  s a y  w h a t s o r t  o f  c i r c u i t  i t  i s ?
,2?1
S . Y e s . I t ’ s  a  r a d io  c i r c u i t .
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And later:
I .  H e re  we h a v e  a  m ore  c o m p l ic a te d  d ia g ra m . W here  w o u ld  y o u
b e g in ?
S , I ' d  ta k e  i t  f r o m  th e  s u p p ly *
I .  And f r o m  th e r e ?
S . I ' d  go  t o  t h a t  c a p a c i t o r  a n d  s e e  w h e re  i t  was c o n n e c te d  -  i t ' s
i n  p a r a l l e l  w i t h  t h i s ,  a n d  i t s  b l o c k in g  • * •  th e n ,  I ' d  come t o  th e  
b o t to m  h e re  an d  s e e  th e  c o n n e c t io n s  w i t h  th e  e m i t t e r s  o f  th e  t r a n s i s t o r s  
• • •  t h e y  a re  a m p l i f i e r s ?
I ,  You a re  r i g h t .  C o u ld  y o u  c o n t in u e ?
S . I t ’ s  b lo c k e d  t ia g a in  h e r e ,  s o  I ' d  come ro u n d  t o  th e  t o p ,  h e r e ,
th e n  -  a n o th e r  a m p l i f i e r :  I ' d  l o o k  f o r  th e  lo a d .
I .  G o o d . I  se e  how y o u  go a b o u t  th e  r e a d in g .
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DISCUSSION
I n  th e  a c t i v i t y  o f  c i r c u i t  d ia g ra m  r e a d in g  th e  t e c h n i c a l  c o l le g e  
s tu d e n t s  w e re  m ore  c o n f id e n t  a n d  m ore  f l u e n t  th a n  th e  s c h o o l  p u p i l s  
o f  th e  same a g e .  T h is  w as n o t  th e  r e s u l t  o f  a n y  f o r m a l  i n s t r u c t i o n ,  
f o r  n o n e  o f  th e  v o c a t i o n a l  s t u d e n t s  h a d  r e c e iv e d  a n y  s u c h  s y s te m a t ic  
t r a i n i n g  i n  c i r c u i t  d ia g ra m  r e a d in g  a s  p a r t  o f  t h e i r  c o l le g e  c o u r s e s .  
The d a y - r e le a s e  s tu d e n t s  h a d  a c q u i r e d  t h e i r  a c q u a in ta n c e  w i t h  common 
a r ra n g e m e n ts  o f  c o m p o n e n ts  f r o m  t h e i r  w o rk s h o p  e x p e r ie n c e ,  a n d  t h e i r  
a t te n d a n c e  a t  th e  b e n c h  b e s id e  s k i l l e d  e l e c t r i c a l  s e rv ic e m e n .  «Those  
i n  th e  e a r l y  s ta g e s  o f  f u l l - t i m e  t e c h n i c a l  c o l le g e  t r a i n i n g  h a d  b u i l t  
u p  t h e i r  d e g re e  o f  f a m i l i a r i t y  w i t h  d ia g ra m s  i n  p a r t  f r o m  th e  a n a ly s is  
o f  p r a c t i c a l  c i r c u i t s  g iv e n  b y  t h e i r  i n s t r u c t o r s ,  a n d  i n  p a r t  f r o m  th e  
p r a c t i c e  o f  d r a w in g  o u t  th e  t h e o r e t i c a l  c i r c u i t s  o f  a l l  p r o j e c t s  w h ic h  
th e y  u n d e r to o k  t o  b u i l d .
The a b i l i t y  o f  th e  v o c a t i o n a l  s t u d e n t s  an d  th e  c o n f id e n c e  w h ic h  
i t  a l lo w s  them  i n  a p p r o a c h in g  new e l e c t r i c a l  d ia g ra m s ,  s e t s  a n  e x a m p le  
o f  w h a t m ig h t  be  a c h ie v e d  i n  th e  s c h o o ls  i f  some s y s te m a t ic  i n s t r u c t i o n  
i n  t h i s  s k i l l  w e re  t o  be  g i v e n .  The n e c e s s a ry  a m o u n t o f  e x t r a  e f f o r t  
o n  t h e  p a r t  o f  th e  te a c h e r s  w o u ld  be  m o d e s t ,  y e t  th e  b e n e f i t s  t o  t h e i r  
p u p i l s  w o u ld  be  c o n s id e r a b le .  The e v id e n c e  o f  W hat th e  v o c a t io n a l  
s t u d e n t s  ca n  a c c o m p l is h  i n  t h i s  a c t i v i t y  w i t h i n  a  fe w  m o n th s  a nd  
w i t h  r e l a t i v e l y  l i t t l e  d i f f i c u l t y  i s  im p r e s s iv e .  W i th  th e  a d v a n ta g e  
o f  a n  o r g a n iz e d  p rog ram m e o f  i n s t r u c t i o n ,  th e  s c h o o l  p u p i l s  c o u ld  
e q u a l  o r  e x c e e d  th e s e  a c h ie v e m e n ts .
Circuit Diagram Reading
MOTORS AND GENERATORS
4 . 3 7  Of* t h o s e  fe w  w ho h a d  s t u d i e d  s o m e th in g  o f  t h e  t h e o r y  a n d  p r a c t i c e  
o f  g e n e r a t o r s  a n d  m o t o r s ,  o n l y  o n e  w as p r e p a r e d  t o  t a l k  a b o u t  h i s  s t u d i e s ,  
t h e  o t h e r s  w i t h d r e w  t o  a n  e m b a r r a s s e d  s i l e n c e  a f t e r  i n d i c a t i n g  t h a t  t h e y  
h a d  som e l i t t l e  a c q u a in t a n c e  w i t h b t h e  s u b j e c t  b u t  t h a t  t h e y  r e q u i r e d  a  
g o o d  d e a l  o f  r e v i s i o n  o n  m a t t e r s  w h ic h  t h e y  h a d  f a i l e d  t o  g r a s p ,  A 
c h a r a c t e r i s t i c  e x c h a n g e  w a s  t h a t  w i t h  ’ ’D a n n y ” :
E x t r a c t  N o ,  8 4
I .  A re  y o u  a b le  t o  e x p l a i n  t h e  o p e r a t i o n  o f  a  m o to r ?
S .  W e l l ,  I ’ d  t r y ,  b u t  I  c a n ' t  s a y  I ' d  s u c c e e d .  I ' d  s a y  t h a t
g e n e r a l l y  i t s  q u i t e  c o m p l i c a t e d .  I  h a v e  s o  m an y  n o t e s  o n  d i f f e r e n t  
s o r t s  o f  m o t o r s ,  s o m e t im e s  I  d o n ' t  k n o w  w h ic h  i s  w h ic h ,  a n d  T  s t i l l  
d o n ' t  u n d e r s t a n d  a l l  o f  i t .
" S i d n e y " ,  h o w e v e r ,  w as  r a t h e r  m o re  f o r t h c o m in g :
E x t r a c t  N o .  83
S .  M o t o r s  . . .  i t ' s  b e e n  o n  t h e  c o u r s e ,  b u t  I  d o n ' t  f u l l y
u n d e r s t a n d  th e m .  T h e y  a r e  n o t  m y f a v o u r i t e  s u b j e c t .
I .  C a n  y o u  s a y  w h a t  i t  i s  a b o u t  m o t o r s  w h ic h  p r e v e n t  y o u  g e t t i n g
t o  u n d e r s ta n d  th e m ?
S .  T h e  m a in  d i f f i c u l t y  i s  t h e  p e o p le  w ho h a v e  b e e n  t e a c h in g .  T h e
p e r s o n  w ho  t a u g h t  u s  m o to r s  w a s n ' t  a  v e r y  g o o d  l e c t u r e r ,  a n d  I  d o n ' t  
g e t  o n  v e r y  v w e l l  w i t h  h im .
I .  I f  y o u  w e re  a s k e d  b y  a  n e w  s t u d e n t  t o  e x p l a i n  h o w  a  m o t o r  w o r k s ,
w h a t  w o u ld  y o u  s a y ?
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S . W e l l ,  t h e r e  i s  th e  f i e l d  m a g n e ts  w h ic h  c r e a t e s  th e  e le c t r o m a g n e t ic
f i e l d  a n d  th e  c u r r e n t  f l o w in g  i n  th e  a rm a tu re  -  t h i s  i s  th e  t r i c k y  b i t  -  
I  w o n ' t  s a y  r e a c t  w i t h  i t  . . .  b u t  i t ’ s  a  f o r c e  p ro d u c e d  b y  F le m in g 's  
L e f t  H and R u le  t o  move th e  e le c t r o n s  i n  th e  a rm a tu re  i n  a  c e r t a i n  d i r e c t i o n .  
I  s u p p o s e  I  h a v e  a lw a y s  ta k e n  i t  f o r  g r a n te d  r e a l l y .  H e re  I  d o n ' t  r e a l l y  
u n d e r s ta n d  i t .  I t ' s  v e r y  a b s t r a c t  f r o m  r e a l  l i f e .
I .  H ave y o u  h a d  a n y  h e lp  f r o m  d is m a n t l in g  o r  a s s e m b l in g  a  m o to r?
S . N o . I  c a n ' t  s a y  I  h a v e .  B u t  I ' d  s a y  i t  w o u ld  be  a  g o o d  id e a  i f  
y o u 'd  done  some t h e o r y  b e h in d  i t ,  th e n  a c t u a l l y  lo o k e d  a t  th e  m o to r  t o  
se e  w h a t w as h a p p e n in g  i n  th e  m o to r .
N o ne  o f  t h e  v o c a t i o n a l  s t u d e n t s  i n t e r v i e w e d  g a v e  e v id e n c e  o f  
h a v in g  s t r o n g  " M a t h e m a t ic "  t e n d e n c ie s .  H o w e v e r ,  t h e  v o c a t i o n a l  
s t u d e n t s '  n u m e ro u s  g r a p h ic  r e f e r e n c e s  w e re  p a r t i c u l a r l y  n o t e d  
d u r i n g  d i s c u s s io n s  a b o u t  c a p a c i t o r s  a n d  t h e i r  f u n c t i o n s .  A g a in  
a n d  a g a in  t h e y  m ade s u c h  s t a t e m e n t s  a s :  " I  t r y  t o  p i c t u r e  h o w
i t  s t o r e s  t h i s  c h a r g e . "  O ne im p e tu o u s  y o u n g s t fe r  b u r s t  o u t  w i t h :  
" C a p a c i t a n c e !  B u t  w h a t  i s  i t ?  I  m e a n , y o u  c a n ' t  s e e  i t .  O r  a t  
l e a s t  I  d o n ' t  k n o w  i t .  I f  y o u  p u t  s o m e th in g  a c r o s s  t h e r e  t o  
m e a s u re  i t ,  I  s a y :  ' I  s t i l l  c a n ' t  s e e  i t . ' " B u t  a n o t h e r  c o l le a g u e
w h o  f e l t  m o re  c o n f i d e n t  t h a t  h e  d i d  u n d e r s ta n d  t h e  n a t u r e  a n d  
f u n c t i o n  o f  t h e  c a p a c i t o r  e x p la in e d :  " A l l  t h a t  b u i l d  u p  o f  e l e c t r o n s
o n  o n e  s i d e  o f  t h e  t h i n g :  I ' v e  g o t  a  l i t t l e  p i c t u r e  o f  a l l  t h a t . "
T h e  " V i s u a l i z e r "  c h a r a c t e r i s t i c s  w e re  a l s o  i n d i c a t e d  b y  t h e  
v o c a t i o n a l  s t u d e n t s '  g r e a t e r  d e p e n d e n c e  o n  t h e  d r a w in g s  a n d  d ia g r a m s  
r e p r o d u c e d  f r o m  c la s s r o o m  b la c k b o a r d s ,  a n d  u p o n  t h o s e  i l l u s t r a t e d  
h a n d - o u t s  s u p p l i e d  b y  t h e  i n s t r u c t o r s .  M o r e o v e r ,  t h e r e  i s  n o  d o u b t  
t h a t  t h e y  te n d e d  t o  r e s p e c t  t h e  t h e o r e t i c a l  c i r c u i t  d ia g r a m  a  g o o d  
d e a l  m o re  t h a n  t h e i r  a g e  g r o u p  f o l l o w i n g  a c a d e m ic  c o u r s e s  a t  s c h o o l .
T h e  i n s t r u c t o r s  h a v e  l e a r n e d  f r o m  e x p e r ie n c e  h o w  im p o r t a n t  
g r a p h i c  a i d s  a r e  t o  t h e i r  s t u d e n t s ,  a n d  t h e y  t a k e  g r e a t  p a in s  t o  
c o n v e y  b y  m o d e ls  a n d  a n a lo g ie s  m u ch  t h a t  w o u ld  b e  t r e a t e d  m a th e m ­
a t i c a l l y  e l s e w h e r e .  D u r in g  m y a t t e n d a n c e  a t  c la s s e s  I  h a v e  b e e n  
im p r e s s e d  b y  t h e  s k i l l  a n d  p a t i e n c e  o f  t h e  i n s t r u c t o r s  w h o s e  ow n 
b la c k b o a r d  i l l u s t r a t i o n s  m u s t  s u p p l y  t h e  g r a p h ic  im a g e s  f o r  
s t u d e n t s  w ho w i l l  r a r e l y  e x t r a c t  th e m  f o r  t h e m s e lv e s  f r o m  t h e  
t e x t b o o k s •
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DISCUSSION
M a t h e m a t ic s  a n d  V i s u a l i z e r s
^ • 3 9  I t  w as n o t  e x p e c t e d  t h a t  m a n y , i f  a n y ,  " M a th e m a t ic "  s t u d e n t s  w o u ld  
b e  f o u n d  a m o ng  t h e  v o c a t i o n a l s ,  b e c a u s e  fe w  o f  t h e  s t u d e n t s  e n r o l l e d  f o r  
t e c h n i c a l  c o u r s e s  h a d  d i s t i n g u i s h e d  t h e m s e lv e s  b y  a c a d e m ic  i n c l i n a t i o n  
a t  s c h o o l ,  a n d  t h e  v o c a t i o n a l  p ro g ra m m e  t e n d e d  t o  m in im iz e  t h e  e x p l o i t a t i o n  
o f  m a t h e m a t ic a l  e x p e r t e s e .  On t h e  o t h e r  h a n d ,  m an y  o f  t h o s e  w h o  s p o k e  
w i t h  me i n d i c a t e d  a  p r o n o u n c e d  b i a s  t o w a r d s  t h e  " V i s u a l i z e r "  c h a r a c t e r i s t ­
i c s .  T h e i r  c o n v e r s a t i o n  w a s  m a rk e d  b y  r e q u e n t  u s e  o f  f i g u r e s  o f  s p e e c h  
r e l a t i n g  t o  " s e e in g "  a n d  " l o o k i n g "  r e l a t i n g  t o  p h e n o m e n a  a s s o c ia t e d  w i t h  
t h e  f u n d a m e n t a l  p r i n c i p l e s  o f  e l e c t r i c i t y .  T h e i r  n e e d  f o r  v i s u a l  
c o n f i r m a t i o n  o f  t h e  o c c u r r e n c e s  p r e d i c t e d  b y  t h e o r y  w as m ade p l a i n  b y  
t h e  im p o r t a n c e  w h ic h  t h e y  a t t a c h e d  t o  t h e  p r a c t i c a l  w o r k  a t  t h e  b e n c h ,  
a n d  t h e i r  p le a s u r e  i n  h a n d l i n g  m e a s u r in g  i n s t r u m e n t s ,  a n d  v ie w in g  t h e  
o s c i l l o s c o p e  im a g e s .  S in c e  t h e y  r e a d  l i t t l e ,  t h e  e v id e n c e  o f  t h e i r  
e x p e r im e n t s  a n d  t h e  m e m o ry  o f  w h a t  t h e y  o b s e r v e d , t o o k  t h e  p la c e  o f  
t h e  a u t h o r a t i v e  c o m m e n ta ry  o f  t h e  t e x t b o o k s .
DISCUSSION
G e n e r a t o r s  a n d  M o t o r s
I t  w a s  n o t  p o s s i b l e  t o  o b t a i n  t h e  d e s i r e d  d a t a  o n  t h e  v o c a t i o n a l  
s t u d e n t s ’ u n d e r s t a n d in g  o f  g e n e r a t o r s  a n d  m o to r s  b e c a u s e  o n l y  f o u r  o f  
t h o s e  i n t e r v i e w e d  h a d  f o l l o w e d  a  c o u r s e  w h ic h  i n c lu d e d  m o re  t h a n  a  
s u p e r f i c i a l  t r e a t m e n t  o f  t h i s  o n c e  e m p h a s iz e d  t o p i c  i n  e l e c t r i c a l  
t r a i n i n g .  I  g a t h e r e d  f r o m  t h e  i n s t r u c t o r s  t h a t  i n  o r d e r  t o  m e e t t h e  
c u r r e n t  d e m a n d s  o f  e m p lo y e r s  i t  w a s  n e c e s s a r y  t o  g i v e  e l e c t r o n i c  c i r c u i t s  
a  p r i o r i t y  d u r i n g  t h e  f i r s t  y e a r  c o u r s e s .
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k Bk l  T h o se  who v o lu n te e r e d  t o  s p e a k  w i t h  me r e p r e s e n t  a  w id e  s p e c tr u m  o f  
th e  f i r s t  y e a r  E n g in e e r in g  a n d  P h y s ic s  s tu d e n ts »  T h e y  in c lu d e d  m any who 
w e re  e x p e r ie n c in g  d i f f i c u l t i e s  w i t h  t h e i r  e l e c t r i c a l  s t u d i e s ,  b u t  th e  
m a j o r i t y  w e re  c o p in g  s a t i s f a c t o r i l y ,  b u t  f e l t  t h a t  th e y  h a d  u s e f u l  comments;, 
t o  make o n  t h e i r  p a s t  e x p e r ie n c e s «  A c o n s id e r a b le  n u m b e r o f  th o s e  who 
h a d  b e e n  in t e r v ie w e d  b y  me p e rs u a d e d  t h e i r  b o y / g i r l  f r i e n d s ,  o r  l a b o r a t o r y  
p a r t n e r  t o  m e e t m e, a n d  a  n o t  i n c o n s id e r a b le  n u m b e r c o n ta c t e d  me b e c a u s e  
t h e y  w e re  p le a s e d  t o  know  t h a t  some on e  -  f o r  th e  f i r s t  t im e ,  t o  th e  b e s t  
o f  t h e i r  k n o w le d g e  -  was t a k i n g  a n  i n t e r e s t  i n  l e a r n in g  o f  th e  p ro b le m s  
w i t h i n  t h e i r  s u b je c t  a r e a .
M o s t o f  th o s e  in te r v ie w e d  w e re  i n  th e  f i r s t  o r  s e c o n d  te rm s  o f  t h e i r  
f i r s t  y e a r ,  a n d  m e m o rie s  o f  t h e i r  s c h o o l  c o u rs e s  re m a in e d  f r e s h ,  b u t  th e y  
h a d  b e e n  l o n g  e n o u g h  i n  H ig h e r  E d u c a t io n  t o  know  w h a t l e v e l  o f  w o rk  was 
r e q u i r e d  f r o m  th e m  , a n d  t o  fo r m  r e a s o n a b ly  b a la n c e d  ju d g e m e n ts  o n  th e  
e f f e c t i v e n e s s  o f  th e  t h e o r e t i c a l  a n d  p r a c t i c a l  e l e c t r i c a l  i n s t r u c t i o n  
r e c e iv e d  i n  p r e p a r a t io n  f o r  A - l e v e l  e x a m in a t io n s «  Som e, who knew  t h a t  
th e y  w e re  w eak i n  e l e c t r i c a l  k n o w le d g e  h a d  a v o id e d  s u c h  q u e s t io n s  i n  th e  
A - l e v e l  e x a m in a t io n s ,  and  b e l ie v e d  t h a t  t h e y  w o u ld  be  a b le  t o  c o n t in u e  
t o  a v o id  s u c h  m a t te r s  d u r in g  t h e i r  f u r t h e r  s t u d y .  T h e y  d is c o v e r e d  t h a t  
th e y  w e re  m is ta k e n .  Some a t te m p te d  t o  " c a t c h - u p 1’ b y  r e a d in g  th e  t e x t ­
b o o k s  recom m ended f o r  th e  E n g in e e r in g  o r  P h y s ic s  d e g re e  c o u r s e s ,  a n d  h a d  
d is c o v e r e d ,  w i t h  a  c e r t a i n  a m o u n t o f  a la r m ,  t h a t  th e s e  t e x t s  assum e a  
s o l i d  p r i o r  f o u n d a t io n .  O th e r s  h a d  fo u n d  th e  p r e s s u r e  o f  w o rk  d id  n o t  a l lo w  
t h e  o p p o r t u n i t y  t o  r e v i s e  s l o w l y  a n d  c a r e f u l l y ,  a n d  c o n s e q u e n t ly  e x p e r ie n c e d
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d i f f i c u l t y  i n  a l l o c a t i n g  t h e i r  t im e  a n d  e n g e r g ie s .  S e v e r a l  s p o k e  o f  
f e e l i n g  " r u s h e d  a l o n g "  b y  t h e  i n t e n s i t y  o f  t h e  r e q u i r e d  c o u r s e  w o r k ;  
som e t a l k e d  o f  u s i n g  A - l e v e l  t e x t s  t o  r e v i s e  w h a t  t h e y  h a d  p r e v i o u s l y  
n e g l e c t e d ;  a n d  a  l a r g e r  n u m b e r  p r o j e c t e d  u n d e r t a k in g  i n t e n s i v e  r e v i s i o n  
’ d u r i n g  t h e  v a c a t i o n . "
M a n y  w e re  s h a r p l y  c r i t i c a l  o f  m o re  t h a n  t h e  t e x t u a l  c o n t e n t  o f  
t h e i r  b o o k s :  t h e y  w e re  a w a re  o f  d e f i c i e n c i e s  i n  t h e  i l l u s t r a t i o n s ,
i n  t h e  e x a m p le s ,  a n d  i n  t h e  d e s ig n  p r e s e n t a t i o n .  T h is  i s  p a r t i c u l a r l y  
t r u e  o f  t h e  " V i s ü a l i z e r s " .  I t  i s  c l e a r  t h a t  t h e s e  f a c t o r s  a r e  m o re  
im p o r t a n t  t o  th e m  t h e n  t h e  m a j o r i t y  o f  e d u c a t o r s  s u p p o s e ,  a n d  t h e i r  p r e d i l ­
e c t i o n s  u n d o u b t e d ly  a f f e c t  t h e i r  c h o ic e  a n d  u s a g e  o f  t e x t b o o k s .  A t  t h e  
b e g i n n i n g  o f  t h e i r  u n i v e r s i t y / p o l y t e c h n i c  d e g r e e  c o u r s e s  t h e  s t u d e n t s  c a n  
l o o k  b a c k  u p o n  t h e i r  e x p e r ie n c e s  w i t h  t h e  s c h o o l  t e x t b o o k s  a n d  c o n s id e r  
h o w  w e l l  t h e y  w e re  s e r v e d ,  e i t h e r  d i r e c t l y  t h r o u g h  t h e i r  o w n  s t u d y ,  o r  
t h r o u g h  t h e  i n t e r m e d i a r y  g l o s s  s u p p l i e d  b y  t h e i r  t e a c h e r s .
M a n y  o f  t h e  f i r s t  y e a r  s t u d e n t s  t o l d  me t h a t  t h e y  h a d  g a in e d  t h e  
im p r e s s io n  t h a t  i n s t r u c t o r s  a n d  t u t o r s  w e re  i m p a t i e n t  w i t h  t h o s e  w ho 
e x h i b i t e d  a n y  l a c k  o f  f l u e n c y  i n  h a n d l i n g  " b a s i c  p r i n c i p l e s . "  S t u d e n t s  
s p o k e  o f  h a v in g  f o r g o t t e n  som e o f  t h e  P h y s ic s  t h e y  h a d  s t u d i e d  d u r i n g  
t h e  i n t e r v a l  b e tw e e n  s i t t i n g  t h e  e x a m in a t io n s  a n d  b e g i n n i n g  t h e i r  
u n i v e r s i t y / p o l y t e c h n i c  c o u r s e ,  a n d  som e h o p e d  f o r  a n  i n t r o d u c t o r y  
r e v i e w  \ * h ic h  m ig h t  a c c o m m o d a te  a n y  m e m o ry  l o s s e s  s u f f e r e d  o n  n e w ly -  
a c q u i r e d  i n f o r m a t i o n .  F o r  m o s t ,  n o  s u c h  r e v i s i o n  c o u r s e  w as o f f e r e d  
i n  t h e  f i r s t  w e e k  o r  t w o .  A c o n s id e r a b le  n u m b e r  o f  s t u d e n t s  c o m p la in e d  
o f  t h e  g r e a t  e m p h a s is  p la c e d  u p o n  m a t h e m a t ic a l  e x p e r t é s e  a n d  c a l c u l a t i o n ,  
p a r t i c u l a r l y  a t  t h o s e  i n s t i t u t i o n s  w i t h  a  l o n g  a c a d e m ic  t r a d i t i o n .  I t  
w as  f e l t  t o  d i s t a n c e  t h e i r  e l e c t r i c a l  s t u d i e s  f r o m  t h e  p r a c t i c a l  a p p l i c a t ­
i o n s ,  a n d  t h e i r  o w n  p e r s o n a l  i n t e r e s t s .
M a n y  o f  t h e  E n g in e e r i n g  s t u d e n t s  r e p o r t e d  t h a t  t h e y  s u f f e r e d  f r o m  
in a d e q u a t e  e x p e r ie n c e  o f  p r a c t i c a l  w o r k ,  a n d  h a d  t o  u n d e r t a k e  m u ch  r a p i d
a d ju s t m e n t ,  o f t e n  e m b a r r a s s in g ,  a t  t h e  v e r y  b e g in n in g  o f  t h e i r  l a b o r a t $ q y  
v i s i t s o  T h o s e  w ho h a d  d o n e  h o b b y  a c t i v i t i e s  i n  e l e c t r i c a l  c o n s t r u c t i o n  
w e re  p la c e d  a t  a  c o n s id e r a b le  a d v a n ta g e ,  f o r  e v e n  a  s m a l l  a m o u n t o f  p r a c t i c e  
i n  c i r c u i t  b u i l d i n g  p r o v id e d  c o n f i d e n c e ,  a n d  k n o w le d g e  o f  c o m p o n e n ts  w h ic h  
o t h e r  n o n - b u i l d i n g  s t u d e n t s  la c k e d « ,
A n u m b e r  o f  t h e  g i r l s  i n t e r v i e w e d  c o m p la in e d  o f  i l l - e q u i p p e d  l a b o r a t o r ­
i e s  a t  s c h o o l ,  a n d  o f  l i t t l e  e n c o u r a g e m e n t  f r o m  t e a c h e r s  o r  f e l l o w  A - l e v e l  
c a n d id a t e s o  ( H o w e v e r ,  som e h a d  s u b s e q u e n t l y  le a r n e d  o f  r e c e n t  im p r o v e m e n ts  
a t  t h e i r  s c h o o l s ,  w h e re  t h e  s e n i o r  s t a f f  w e re  b e g in n in g  t o  a p p r e c i a t e  t h e  
n e e d  f o r  s u f f i c i e n t  p r a c t i c a l  e x p e r ie n c e  i n  p r o p e r l y  e q u ip p e d  l a b o r a t o r i e s  
t o  c o m p le m e n t  t h e  t h e o r e t i c a l  A - l e v e l  s t u d i e s . )
A c o n s id e r a b le  p r o p o r t i o n  o f  s t u d e n t s  i n  t h e  f i r s t  o r  s e c o n d  te r m s  o f  
t h e i r  d e g r e e  c o u r s e s  c r i t i c i z e d  t h e i r  s c h o o l  c o u r s e s  f o r  t r e a t i n g  in d u c t a n c e  
a n d  c a p a c i t a n c e  i n  a n  " i s o l a t i n g  m a n n e r "  w h e r e b y  t h e  t h e o r y  w as n o t  s u f f i c i e n t l y ,  
i f  a t  a l l ,  r e l a t e d  t o  p r a c t i c a l  e x p e r im e n t s  i n  t h e  l a b o r a t o r y .  T h e  m a j o r i t y  
o f  t h e  i n t e r v i e w e e s  c o m p la in e d  t h a t  t h e  t e a c h in g  s c a r c e l y  t o u c h e d  u p o n  t h e  
c o m p o n e n ts ’ f u n c t i o n s  i n  com m on e l e c t r i c a l  c i r c u i t s ,  o r  e l e c t r i c a l  a p p a r a t u s  
w h ic h  t h e  p u p i l s  w o u ld  b e  f a m i l a i r  w i t h .  O n ly  a  s m a l l  n u m b e r  o f  s t u d e n t s  
spp>ke o f  r e c e i v i n g  a  " b a s i c  e l e c t r o n i c s "  c o u r s e  t o  a c q u a in t  th e m  w i t h  
t r a n s i s t o r s  a n d  a s s o c ia t e d  c i r c u i t s .  T h e  E n g in e e r i n g  a n d  P h y s i c s  d e g r e e  
s t u d e n t s  w e re  e x p e c t e d  t q  p o s s e s s , p r  q u i c k l y  a c q u i r e - ,  a  k n o w le d g e  o f  t h e s e  
s o l i d  s t a t e  d e v i c e s ,  a  r e q u i r e m e n t  w h ic h  p i ’e s e n te d  c o n s id e r a b le  d i f f i c u l t y  
t o  m a n y  s t u d e n t s  f r e s h  f r o m  s c h o o l .  I n t e r v i e w e e s  t o l d  me o f  s e r i o u s  p r o b le m s  
$ h p y  h a d  e x p e r ie n c e d  i n  f a m i l i a r i z i n g  t h e m s e lv e s ,  l a r g e l y  b y  t e x t b o o k  s t u d y ,  
w i t h  t h e  o p e r a t i o n  o f  t h e s e  d e v ic e s  a n d  t h e i r  i n t e r a c t i o n  w i t h  o t h e r  c i r c u i t  
e le m e n t s  s u c h  a s  c a p a c i t o r s ,  r e s i s t a n c e s ,  d i o d e s ,  a n d  i n d u c t a n c e s .
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The u n i v e r s i t y / p o l y t e c h n i c  s tu d e n t s  w e re  a s k e d  t o  t h i n k  b a c k  
t o  t h e i r  s c h o o l  e l e c t r i c a l  s t u d ie s  a n d  com m ent o n  th e m  a s  a  
f o u n d a t io n  f o r  th e  w o rk  w h ic h  t h e y  w e re  e n g a g e d  u p o n . W h i le  a  
c o n s id e r a b le  p r o p o r t i o n  f e l t  t h a t  t h e i r  p r e p a r a t io n  h a d  b e e n  
s o u n d , o r  a t  l e a s t  a d e q u a te ,  a n d  th e y  knew  s o m e th in g  o f  th e  
d i f f i c u l t i e s  u n d e r  w h ic h  t h e i r  S c ie n c e  te a c h e r s  la b o u r e d  t o  
p r o v id e  th e  A - l e v e l  i n s t r u c t i o n ,  t h e r e  w e re  m any who v o ic e d  
c o m p la in t  o n  th e  g ro u n d s  t h a t  th e  t h e o r e t i c a l  c o v e ra g e  was s u p e r ­
f i c i a l ;  th e  t u i t i o n  was d e s ig n e d  p r i m a r i l y  t o  p u s h  a s  m any as  
p o s s ib le  th r o u g h  th e  A - l e v e l  e x a m in a t io n s ;  a n d , t h a t  c e r t a i n  
a re a s  o f  c o n te m p o ra ry  im p o r ta n c e  ( l i k e  E le c t r o n i c s )  w e re  o m i t t e d ,  
a n d  t h a t  p r a c t i c a l  w o rk  i n  th e  l a b o r a t o r y  was m in im a l .  O f th e s e ,  
m any d is c o v e r e d  t h a t  t h e r e  was a  g r e a t  g u l f  b e tw e e n  t h e i r  s c h o o l  
k n o w le d g e  a n d  th e  s ta n d a r d  r e q u i r e d  o f  th e m  i n  th e  f i r s t  te r m  o f  
d e g re e  c o u r s e s .  As one  y o u th  b e g in n in g  h i s  e n g in e e r in g  s t u d ie s  
p u t  i t :  ” A t  s c h o o l  t h e r e  was v i r t u a l l y  no  e l e c t r o n i c s ,  o n ly  a
l i t t l e  E .M . ,  a n d  w h a t t h e r e  was o f  i t  was s im p le  s t u f f .  When I  
came h e re  I  h a d  t o  mug u p  a  l o t  -  a n d  q u i c k l y ! ’ 1
Some o f  th o s e  who c o n s id e r e d  t h e i r  s c h o o l  p r e p a r a t io n  u n s a t ­
i s f a c t o r y  w e re  f r a n k  i n  t e l l i n g  me t h a t  th e y  b la m e d  th e m s e lv e s  
f o r  n o t  b e in g  m ore  c o n s c ie n t io u s  i n  c a r r y in g  o u t  th e  r e a d in g  a n d  
c la s s w o r k  a s s ig n e d  t o  th e m . T h o se  who ha d  ta k e n  n o  i n t e r e s t  i n
' f
h o b b y  e l e c t r i c a l  c o n s t r u c t io n s  r e g r e t e d  i t ,  a n d  lo o k e d  b a c k  w i t h  
e n v y  u p o n  t h e i r  c o l le a g u e s  who h a d  t h a t  a d v a n ta g e .  ’ ’H a r r i s ” , a 
s t u d e n t  who h a d  e n c o u n te r e d  c o n s id e r a b le  i n i t i a l  d i f f i c u l t y  i n  
c o p in g  w i t h  th e  r e q u i r m e n t s  o f  h i s  E n g in e e r in g  S c ie n c e  d e g re e  c o u r s e ,  
t o l d  me:
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" I t  a lw a y s  seem ed t o  me t h a t  th o s e  p e o p le  who h a d  e l e c t r i c a l  
s e t s  a n d  w e re  i n t e r e s t e d  i n  i t ,  w e re  goo d  a t  i t ,  a n d  th e  te a c h e r s  
t o  some e x t e n t  c a te r e d  f o r  th e m . T h o se  p e o p le  w e re  r e a d in g  e l e c t ­
r i c a l  m a g a z in e s  a n d  h a d  t h e i r  ow n home k i t s  a n d  l i t t l e  s e t s ,  a n d  
made w i r e le s s e s .  I t  seem ed t h a t  f o r  th e m  i t  was a b s o l u t e l y  e a s y ,  
s o  th e y  w a n te d  t o  r u s h  o n  a l l  th e  t im e  a n d  do th o s e  v a r io u s  t h i n g s .  
F o r  th e  o t h e r  p e o p le ,  i t  was a l l ,  '’ ' E l e c t r i c i t y ,  O h . d e a r ,  I  c a n ' t  
u n d e r s ta n d  t h a t  v e r y  w e l l  b e c a u s e  i t  h a s n ' t  b e e n  e x p l a in e d . '  I  
a lw a y s  f e l t  I  was l e f t  b e h in d .  I  d i d n ' t  know  th e  s te p s  u p  t o  
w h a te v e r  we w e re  d o in g  a t  t h a t  m o m e n t. I  s o r t  o f  g a th e r e d  th e  
b a s ic  s te p s  b y  th e  t im e  we w e re  a c t u a l l y  b e in g  t a u g h t  th e  m ore  
a d v a n c e d  s te p s  -  s o  I  a lw a y s  th o u g h t  I  was o n  u n e q u a l te rm s  w i t h  
o t h e r  p e o p le . "
k A 3
The T re a tm e n t  o f  E le c t r o m a g n e t is m
S e v e r a l  s t u d e n t s  f e l t  t h a t  t h e i r  te a c h e r s  h a d  t r e a t e d  e l e c t r o ­
m a g n e t is m  i n  a n  u n s a t i s f a c t o r y  a b s t r a c t  m a n n e r w h e re b y  th e  t h e o r y  
was k e p t  re m o te  f r o m  a l l  p r a c t i c a l  m a t t e r s .  T h is  was p a r t i c u l a r l y  
t r o u b le s o m e  t o  th o s e  who w e re  n o t  b ia s e d  to w a rd s  a  m a th e m a t ic a l  
a p p ro a c h ,  a n d  h a n k e re d  a f t e r  some s o l i d  v i s u a l  r e f e r e n c e s .  One 
g i r l ,  e n t e r in g  u p o n  h e r  P h y s ic s  d e g re e  s t u d ie s ,  s a id :  " E l e c t r i c i t y ,
I  w a s n 't  a b le  t o  do  m uch w i t h  i t .  I n  o t h e r  t h i n g s ,  y o u  c a n  u n d e r ­
s ta n d  w h a t 's  g o in g  o n ,  l i k e  g a s e s , a n d  t h i n g s ,  y o u  c a n  s e e  th e m . 
W ith  e l e c t r i c i t y  i t  w as d i f f e r e n t . "
" B e s s y " ,  a  c o l le a g u e  o f  th e  p r e v io u s  s p e a k e r ,  p o in t e d  t o  t h e  
f a i l i n g  o f  th e  re m o te  a c a d e m ic  a p p ro a c h  i n  toeing d e p r e s s in g  o f  
p e r s o n a l  i n t e r e s t  a nd  i n q u i r y :
E x t r a c t  N o . 8 7
S „  When we w e re  in t r o d u c e d  t o  c a p a c i ta n c e  a t  s c h o o l ,  i t  d i d n ' t
make m uch s e n s e .
I .  How d i d  y o u  c l a r i f y  i t ?
S . B y r e a d in g  t e x t b o o k s ,  a n d  b y  th e  te a c h e r  g o in g  o v e r  i t .
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S .  He g a v e  u s  th e  e q u a t io n s  t o  u s e .  Q u i te  h o n e s t l y ,  i t
was e q u a t io n s  a n d  t h a t  i s  a l l  we knew  -  w h a t we h a d  t o  u s e  
i n  th e  e x a m in a t io n  a t  th e  e n d ,
I ,  D id  y o u  n o t  i n q u i r e  i n t o  th e  f u n c t io n s  a n d  u s e s  o f  th e
c a p a c i t o r ?
S . N o , X d i d n ’ t .
I. How did the teacher help?
b .k k
P a r t i c u l a r  D i f f i c u l t i e s  a t  " A l l  G i r l s ”  S c h o o ls
A fe w  o f  th o s e  who h a d  e a r l y  d i f f i c u l t i e s  o n  t h e i r  d e g re e  
c o u rs e s  w e re  g i r l s  who h a d  a t t e n d e d  " a l l - g i r l s "  s c h o o ls  w h e re  t h e r e  
was l i t t l e  e n c o u ra g e m e n t t o  s tu d y  th e  s c ie n c e s ,  i n s u f f i c i e n t  e q u ip ­
m e n t, in e x p e r ie n c e d  t e a c h e r s ,  a n d  a  l a c k  o f  p e e r  s u p p o r t ,  A s tu d e n t  
r e a d in g  f o r  a n  e n g in e e r in g  d e g re e ,  " M i l l y " ,  t o l d  me o f  h e r  n e a r ­
i s o l a t i o n  am ong h e r  c la s s m a te s ,  a n d  o f  h e r  d e t e r m in a t io n  t o  p u rs u e  
h e r  a m b i t io n ,  d e s p i t e  d i f f i c u l t i e s  w i t h  e le c t r o m a g n e t is m :
E x t r a c t  N o , 88
S ,  Therd- was s o  m uch o f  i t  t h a t  i t  was h a r d  t o  g r a s p ,
I ,  S u c h  a s?
S ,  W e l l ,  e v e n  w i t h  F a r a d a y ’ s  la w  -  w hen y o u  h a d  th e  f l u x  g o in g  
th r o u g h  th e  s y s te m , how  m uch i t  w o u ld  c u t  a t  one  t im e ,  I  c o u l d n ' t  
u n d e r s ta n d  t h a t ,  a n d  th e  te a c h e r  c o u l d n ' t  e x p la in  i t ,  I  t h i n k  th e  
te a c h e r  w as t r y i n g  t o  s i m p l i f y  i t  f a r  to o  m uch , b e c a u s e  p e o p le  c o u l d n ' t  
c o p e  w i t h  th e  m a th s .  I t  was s i m p l i f i e d  i n  th e  w ro n g  w a y .
I ,  D id  th e  te x tb o o k s  h e lp ?
S .  W e l l ,  t o  a  r e l a t i v e  e x t e n t .  I t  i s  d i f f i c u l t  t o  g a th e r  f a c t s
fr o m  a  b o o k .
I .  D id  y o u  t a l k  a b o u t  i t  t o  y o u r  c la s s -m a te s ?
S . I  d o n ' t  t h i n k  a n y b o d y  e ls e  h a d  th e  i n t e r e s t ,  o r  w o u ld  h a v e
b e e n  w o r r ie d  b y  i t .  The o t h e r  g i r l s  -  I  w e n t t o  a n  " a l l - g i r l s "  
s c h o o l  -  w e l l ,  t o  be  h o n e s t ,  th e  n u m b e r o f  g i r l s  r e a l l y  i n t e r e s t e d  
i n  P h y s ic s  was s m a l l .
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U n q u a l i f i e d  P h y s ic s  T e a c h e rs
Some o f  th e  g i r l s  r e a l i z e d  t h a t  t h e i r  te a c h e r s  w e re  n o t  
c o m f o r ta b le  i n  t e a c h in g  e l e c t r i c i t y ,  a n d  t h a t  th e  s u b je c t  h a d  n o t  
b e e n  p a r t  o f  t h a t  t e a c h e r f s  p r o f e s s io n a l  t r a i n i n g  a n d  t h e y  w e re  
n o t  g i v i n g  t u i t i o n  f r o m  c h o ic e  o r  p e r s o n a l  i n t e r e s t ,  b u t  w e re  
m e e t in g  t h e  u r g e n t  n e e d s  o f  th e  h e a d  te a c h e r ,  i l l - s u p p l i e d  w i t h  
q u a l i f i e d  P h y s ic s  g r a d u a t e s .  One g i r l ,  c o n f i d i n g  t o  me t h a t  A .C .  
t h e o r y  was a  " b i g  p r o b le m '1, s a id  i t  was m a in ly  b e c a u s e  th e  te a c h e r  
d i d n ’ t  l i k e  e l e c t r i c a l  s t u d i e s ,  a n d  h a d  l i t t l e  k n o w le d g e  o f  t r a n s i s t ­
o r s  i n  p a r t i c u l a r .  The t e a c h e r ’ s  d i s i n c l i n a t i o n  was s e n s e d  b y  th e  
p u p i l s ,  a n d  t h e y  s u f f e r e d  a s  a  r e s u l t .  The te a c h e r  d id  w h a t sh e  
c o u ld ,  an d  h e r  p u p i l ,  h a n k e r in g  a f t e r  a  p la c e  o n  a  s c i e n t i f i c  c o u rs e  
a t  u n i v e r s i t y ,  d id  w h a t s h e  r e g a r d e d  a s  th e  e x p e d ie n t  t h i n g :  "W h a t
I  d id  was t o  r e a d  a n d  p i c k  u p  b i t s  b y  w h ic h  t o  a n s w e r  q u e s t io n s  t h a t  
I  th o u g h t  w o u ld  be  s e t  i n  th e  e x a m ., n o t  r e a l l y  u n d e r s ta n d in g  w h a t 
I  s h o u ld  be  u n d e r s t a n d in g . "
S o m e th in g  o f  th e  d a n g e r  o f  a c q u i r i n g  a  d i s lo c a t e d ,  p a r t i a l  
a c q u a in ta n c e  w i t h  b a s ic  p r i n c i p l e s  a t  s c h o o l  was f o r c i b l y  im p re s s e d  
o n  one  i n t e r v ie w e e ,  who t o l d  me o f  h e r  e m b a rra s s m e n t a t  d i s c o v e r in g  
h e r  ig n o r a n c e  o f  th e  fu n d a m e n ta l  p r i n c i p l e s  g o v e r n in g  common com pon­
e n t s ,  w hen s h e  v o lu n te e r e d  f o r  some p r a c t i c a l  e x p e r ie n c e  a t  a  F e r r a n t i  
e l e c t r i c a l  l a b o r a t o r y :
■When I  w e n t t h e r e  i t  was th e  f i r s t  t im e  I  r e a l l y  u n d e r s to o d  
s i l ^ f  t h i n g s ,  l i k e  i f  y o u  h a v e  a n  e x t r e m e ly  h ig h  f r e q u e n c y  i n  a  c a p a c ­
i t o r ,  i t  s h o r t - c i r c u i t s .  T h a t 's  th e  s o r t  o f  t h i n g  w h ic h  w a s n ’ t  t a u g h t  
a t  s c h o o l  -  r e a l l y  b a s ic  c o n c e p t s . "
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S tu d e n ts  who w e re  o f  a  s t r o n g l y  p r a c t i c a l  te n d e n c y  and  th o s e  
who w e re  i n c l i n e d  to w a rd s  h a b i t s  o f  v i s u a l i z a t i o n , ;  s p o k e  o f  o t h e r  
s c h o o l - t im e  d i f f i c u l t i e s  i n  m a s te r in g  th e  p r i n c i p l e s  o f  c a p a c i t o r s *  
T h e y  b e l ie v e d  i t  was due  t o  in a d e q u a te  e x p la n a t io n  g iv e n  i n  th e  
c l a s s ,  a n d  th e  a b s e n c e  o f  g u id a n c e  w i t h  r e g a r d  t o  th e  f u n c t io n s  
an d  p r a c t i c a l  a p p l i c a t i o n s  o f  t h e  c o m p o n e n ts  w h ic h  w e re  e x a m in e d  
i n  i s o l a t i o n  f r o m  a s s o c ia te d  c i r c u i t s .  Some fo u n d  t h a t  t h e r e  was 
a  c o n s id e r a b le  a m o u n t o f  r e m e d ia l  s t u d y  w h ic h  th e y  h a d  t o  u n d e r ta k e  
on  e n t r y  t o  d e g re e  l e v e l  w o r k .
A P h y s ic s  s t u d e n t ,  "A m anda” , t o l d  me:
"Visualizers"
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” 1 h a d  p ro b le m s  i n  a c t u a l l y  s e e in g  w h a t was p h y s i c a l l y  h a p p e n ­
i n g .  When y o u  c a n  s e e  i t ,  i t  becom es e a s y ,  b u t  i t  i s  v e r y  d i f f i c u l t  
t o  u n d e r s ta n d  w hen y o u  c a n ' t  y o u  c a n  s e e  f ro m  th e  m e te r  t h a t  th e  
n e g a t iv e  c h a rg e  h a s  m oved u p  t o  one p la t e  a nd  th e  p o s i t i v e  go e s  t o  
th e  o t h e r  p l a t e ,  b u t  w hen y o u  go  i n t o  m ore  d e t a i l  w i t h  c a p a c i t o r s  
i t ' s  d i f f i c u l t  t o  s e e  w h a t 's  g o in g  o n .  I  a lw a y s  fo u n d  i t  d i f f i c u l t  
t o  u n d e rs ta n d  c a p a c i t o r s ,  w h a t t h e y  a r e  f o r ,  b e c a u s e  m o s t t h in g s  
w h ic h  a c t u a l l y  a r e  u s e f u l  c a n  be  s e e n  -  b u t  we w e r e n ' t  t o l d  w h a t 
c a p a c i t o r s  a r e  u s e d  f o r .  I  h a v e  h a d  a  l o t  o f  p ro b le m s  w i t h  e l e c t r i c  
i t y ,  a n d  I  h a v e  h a d  t o  do  q u i t e  a  l o t  o f  d e t a i l e d  w o rk  w i t h  my t u t o r  
T h a t  h a s  made t h in g s  a  b i t  e a s i e r . "
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D i f f i c u l t i e s  w i t h  In d u c ta n c e
The same s tu d e n t  was u n s u re  o f  h e r  u n d e r s ta n d in g  o f  th e  n a tu r e  
o f  in d u c ta n c e ;  y e t  sh e  h a d  n o t ,  u p  t o  t h a t  t im e ,  r e v i s e d  t h i s  fu n d a m  
e n t a l ,  a n d  h a d  e v e n  tu r n e d  i n  a  t e s t - p a p e r  w h ic h  in c lu d e d  i n d u c t i v e  
c a l c u l a t i o n .  I  a s k e d  how t h a t  c o u ld  b e ,  a n d  r e c e iv e d  th e  r e p l y :
" I  ha d  i t  j u s t  b y  r o t e ,  r e a l l y .  M o s t o f  th e  p ro b le m s  t h a t  we 
h a d  t o  do  w e re  l i k e  s e r i e s  c i r c u i t s  a n d  p a r a l l e l  c i r c u i t s
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a n d  w h a t h a p p e n s  i s  a l l  j u s t  m a th e m a t ic s *  You j u s t  u s e  " L "  a nd  
f o r g e t  a b o u t  p h y s ic a l  t h i n g s . ”
I  a s k e d  h e r  w h a t s h e  f e l t  a b o u t  t h a t ,  a n d  r e c e iv e d  th e  a n s w e r :  
’ ’W e l l ,  I f m n o t  h a p p y  a b o u t  i t . "
S e v e r a l  f i r s t  a n d  s e c o n d  te r m  d e g re e  s tu d e n t s  s p o k e  o f  t h e i r  
s t r u g g le s  t o  m a s te r  th e  p r i n c i p l e s  o f  in d u c ta n c e .  A^. s c h o o l  th e  
t e a c h e r s '  c la s s ro o m  e x p la n a t io n s  w e re  o f t e n  c o n fu s in g  t o  th o s e  who 
i n q u i r e d  a b o u t  c u r io u s  phenom ena e x h ib i t e d  b y  th e  c o m p o n e n t, th e  
i n d u c t o r ,  a n d  th e  s ta n d a r d  t e x t b o o k s ’ co m m e n ta ry  a p p e a re d  t o  be l i t t l e  
a p p r e c ia te d  b y  o th e r s  who a t te m p te d  t o  " r e a d - u p "  th e  s u b j e c t .  S e v e r a l  
t o l d  me t h a t  a t  A - l e v e l  t h e y  w e re  r e s ig n e d  t o  a c c e p t in g  w h a t t h e y  
w e re  t o l d , a n d  h o p e d  t o  c l a r i f y  th e  m y s te r ie s  a t  a  l a t e r  s ta g e  o f  
t h e i r  P h y s ic s  s t u d i e s .  I n  th e  c o u rs e  o f  my in t e r v i e w s  I  m e t many 
who h a d  n o t  y e t  f u l f i l l e d  t h a t  i n t e n t i o n .
A P h y s ic s  s t u d e n t ,  r e c e n t l y  b e g u n  u p o n  h e r  c o u r s e ,  s u m m a riz e d  
h e r  p ro b le m :
" Y e s .  X f i n d  i t  c o n fu s in g :  th e  e x is te n c e  o f  th e  b a c k - e . m . f .
a t  th e  same t im e  a s  th e  fo r w a r d  one -  th e  f a c t  t h a t  th e y  a r e  b a la n c e d .
I  ¡ t h o u g h t ^ e v e r y t h in g  w o u ld  come t o  a  s t o p .  I t ' s  d i f f i c u l t  t o  g r a s p . "
" D e n n is " ,  a  f i r s t  y e a r  P h y s ic s  s tu d e n t  h a d  b e e n  t r o u b le d  b y  
i n d u c t i v e  p ro b le m s  i n  A - l e v e l  p r e p a r a t io n ,  an d  c o n t in u e d  t o  be  
a n x io u s  a b o u t  some c o n s id e r a t io n s  o f  ph a se  w h ic h  w e re  s t i l l  u n r e s o lv e d ¿ 
He t o l d  me:
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S .  A t  s c h o o l  i t  was LCR c i r c u i t s  w h ic h  g o t  m e. I  was c o n fu s e d
b e c a u s e  o f  th e  c u r r e n t  b e in g  o u t  o f  p h a s e . T h a t  was v e r y  d i f f i c u l t  
t o  u n d e r s ta n d .
I .  How d i d  y o u  t r y  t o  make s e n s e  o f  i t ?
S .  I  t h i n k  I  p r o b a b ly  j u s t  a c c e p te d  i t .  W e l l ,  I  m anaged t o  w o rk  i t
o u t  i n  th e  e n d .  B u t  t h e  th o u g h t  o f  v o l t a g e  h a n g in g  a r o u n d . . . y o u 'v e  g o t  
t o  im a g in e  e n e rg y  s t o r e d  i n  t h i s  t h i n g . . .  I  d o n ' t  know  t h a t  I  c a n  
c o m p le te ly  u n d e r s ta n d  i t  n o w .
2 8?
P r a c t i c a l
A c o n s id e r a b le  p r o p o r t i o n  o f  th e  in t e r v ie w e e s  b e l ie v e d  t h a t  t h e i r  
p r a c t i c a l  w o rk  a t  s c h o o l  h a d  b e e n  u n s a t i s f a c t o r y .  T h e y  c o m p la in e d  t h a t  
th e y  l a t e r  r e a l i z e d  t h a t  t h e y  h a d  r e c e iv e d  l e s s  th a n  was n e c e s s a r y  a s  a  
p r e p a r a t io n  f o r  th e  c o u rs e s  w h ic h  t h e y  p r e s e n t ly  w e re  e n g a g e d  u p o n . 1 
was f r e q u e n t l y  t o l d  t h a t  th e y  b e l ie v e d  th e  l a b o r a t o r y  w o rk  was s u p e r f i c i a l  
a n d  n o t  c o n d u c iv e  t o  f u r t h e r  t h e i r  u n d e r s ta n d in g  o f  th e  t h e o r e t i c a l  
p r i n c i p l e s  d e a l t  w i t h  i n  th e  c la s s r o o m .  F ro m  t h e i r  a c c o u n ts ,  t h e r e  c a n  
be  no  d o u b t  t h a t  i n  m any c a s e s  th e  e q u ip m e n t a n d  f a c i l i t i e s  w e re  q u i t e  
in a d e q u a te  f o r  p r a c t i c a l  A - l e v e l  e x p e r im e n ts  a n d  c o u ld  n o t  p r o v id e  
s u f f i c i e n t  “ h a n d s -o n '1 e x p e r ie n c e  t o  b u i l d  c o n f id e n c e  i n  u s in g  in s t r u m e n t s .
One b e g in n in g  e n g in e e r in g  s t u d e n t ,  “ M ic h a e l “ , i n  r e m in is c in g  a b o u t  
h i s  s c h o o l  l a b o r a t o r y  s a id :
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My m a jo r  p ro b le m  was i n  p r a c t i c á i s :  I  t h i n k  t h e r e  was to o  m uch 
g iv e n ,  g iv e n  a l l  a t  o n c e .  I  m ean, i t  was j u s t  v e r y  c o n f u s in g .  W hat h a p p e n s  
i s  t h a t  y o u  go o n  t o  new  a n d  h a r d e r  m a t e r i a l  a n d  f i n d  t r o u b le s  b e c a u s e  y o u  
a re  n o t  s u re  o f  t h in g s  gone  b e f o r e .  T h a t ’ s  w h a t I  f o u n d .  I  g o t  th r o u g h  
my exam s b e c a u s e  t h e y  a s k  f o r  s o l u t i o n s  w h ic h  y o u  c a n  p r o v id e  b y  f o l l o w i n g  
th e  e q u a t io n s  w i t h o u t  ¡m o w in g  m uch m o re . T h a t 's  w hy  a  l o t  o f  p e o p le  j u s t  
u s e  e q u a t io n s  a n d  d o n ' t  b o th e r  a b o u t  u n d e r s ta n d in g  w h a t 's  g o in g  o n .
T h o se  who h a d  s u f f e r e d  f r o m  in a d e q u a te  ( O p p o r tu n i t ie s  f o r  u s in g  
l a b o r a t o r y  e x p e r im e n ta l  s e t - u p s  a n d  in s t r u m e n ts  q u i c k l y  d is c o v e r e d  t h a t  t h i s  
l a c k  o f  e x p e r ie n c e  w as a  h in d e r a n c e  t o  t h e i r  i n i t i a l  p r o g r e s s  on  d e g re e  
w o r k .  One g i r l  s a id  t o  me: “ L a c k  o f  p r a c t i c a l  w o rk  was a  d is a d v a n ta g e  -  
i s  s t i l l  a  d is a d v a n ta g e .  I  am n o t  v e r y  g o o d  on  e l e c t r o n i c s  p r a c t i c á i s ,  on  
o s c i l l o s c o p e s ,  a n d  o t h e r  in s t r u m e n t s .  I  am u n c e r t a in  w i t h  th e m . F o r t u n a t e l y  
I  g e t  a  l o t  o f  h e lp  f r o m  th e  d e m o n s t r a t o r s . "
A l l  th e  in t e r v ie w e e s  w e re  a s k e d  t o  c o n s id e r  w h a t c h a n g e s  t h e y  m ig h t  
w is h  t o  make o n  th e  e l e c t r i c a l  s e c t io n s  o f  t h e i r  s c h o o l  P h y s ic s  c o u rs e s  
( g i v e n  i d e a l  c i r c u m s ta n c e s  a n d  a  c o m p le te ly  f r e e  h a n d ) f o r  th e  p u rp o s e  o f
and more effective in the provision of a foundation for electrical studies
in higher education«
The recommendations offered repeatedly stressed a desire for a more 
thorough grounding in a.c. electromagnetic theory, both the basic concepts 
and the analysis of the circuits with which the phenomena are associated.
Several students told me that the information they accumulated was piece­
meal, shallow, and very biased towards formulae and calculation techniques 
to answer typical examination questions, and little of that tied-in with ; 
the electrical and electronic world of their daily lives. Various speakers 
lamented the fact that their courses did not introduce them to Electronics, 
a subject which the newspapers, magazines, radio and television broadcasts 
were all stressing, and one which would particularly affect the younger 
generation.
Those who had prepared for their A-levels at schools where the 
instruction was abstractedly theoretical,were disturbed to discover the 
state of ignorance they were in,when they compared their condition with 
that of their course colleagues. As one recently arrived Physics student 
put it to me while at work at her bench: "Some people here, when they came
into the lab. hadn’t a clue what they were doing. They never had seen a 
resistor or capacitor. It does help to know what the components look like!"
Frequently students who had not taken any hobby interest in electricity 
remarked that they would change the syllabus to include more practical 
circuit building, not so much to achieve a fluency in mechanical operations, 
but to fix in the mind the theoretical knowledge gained in classroom, and 
to familiarize themselves with the arrangements they knew only from the 
diagrams on the printed textbook page. One student summarized it in these 
words: "At school you should start recognizing the building-blocks of
electrical circuits."
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making such courses more enjoyable and interesting to the students,
»^50 Among those who experienced difficulties in the earliest stages 
of their degree studies were a number who wei^ e critical of the academic 
approach to electrical study, at school and university» Discontent was 
particularly felt by some at colleges strictly under the influence of 
physicists who believed in infusing their students with an overriding 
passion for mathematical rigor in all scientific work» The essence of 
his dissatisfaction was expressed by "John", a second term Physics 
student, who said that at school he had been an enthusiast for Physics 
and good at it; but, he remembered that his first weeks at university had 
been disappointing and he had lost his excited interest because he felt 
that the electrical studies were used as the vehicle for mathematical exer­
cises, rather than offered as the unfolding of a fascinating branch of 
science» For persons like himself, Mwho used mathematics, rather than 
we re mathematicians", the balance was wrong«, He had hoped that the
practicáis in the laboratory would build upon his school experiments,
\
but was dismayed to find that there, too, there was a preoccupation with 
the exactness of measurement and very much less concern with what was 
being measured» In commenting on his experiences he deeply v/ished that 
the teaching staff would involve the students in what was taking place 
physically within the circuits:
Extract No» 92
" It would be nice if they could somehow manage to get you to 
understand and be able to solve problems eventually without just plunging 
you into the maths at the "deep end" to start with: it doesn’t inspire, 
and its difficult to follow«, If the initial emphasis was on what is actully 
happening, and then perhaps on how to work it out mathematically .«,» I would 
have practicáis where circuits were analysed, explained, and commented 
upon, and then the maths applied» "
The need for more initial guidance in what was expected of the people
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newly arrived at the laboratories, and what they could hope to learn 
from the practical benchwork, was expressed by a girl who had come to 
read Physics after attending a school where there had been the minimum 
direction in the classroom and very little appreciation of the value 
of practical skills. She said to me: "I think a lot about my school
work. We girls didn't like the lab. work. The boys would stay behind 
to do electronics and things, but the girls never did. They were a lot 
more mature than the boys, and their interests were outside the school.”
*f.51 Several students spoke of the need to bridge the gap between school 
electrical knowledge and practical experience,and that of the university - 
either by means of an introductory course or by some modification of the 
lecture programme to accommodate the "freshers.” One student said: "When
you come here they assume you know all the basics - and, while we have 
done it, we did it once and we didn't have any practice on it. I certainly 
never answered a question on amplifiers before. I needed help with 
fundamentals, right at the beginning."
A second term Engineering student, "Bernard", told me that he had 
found the first term a trial because of his inadequate preparation. He 
realized that it was necessary for him to give hirnself a "crash course 
in revision", and was successful in that, largely through the assistance 
of his Engineering colleagues at college, rather than from textbooks, 
particularly the recommended university textbooks which assumed that 
the reader already possessed a thorough knowledge of the elementary theory.
Extract No. 93
S. X had to go back to basics again. I had never studied them deeply.
I. Can you think of particular weaknesses?
S. The real basics: capacitors, inductors, right down to the diode.
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X. How did you go about it?
S„ More talking to others than anything» I bought all the books
which were recommended and ploughed through them. For a lot of the time 
I just got a lot more confused.
I. Why was that?
S. They assume too much. They didn't tell you what you want to
know: they don't go through it bit by bit. It all seems jumbled. They
say it's basic principles, but they just "throw you in at the deep end."
A friend of the former speaker, "Gladys", also studied Engineering 
at the same college, suffered problems in extracting information from the 
textbooks:
Extract No. 9^
S. I'm frightened of electrical work, tote truthful. I find it very
hard to understand, although I quite like it.
I. What is it that frightens you?
S0 Well, if some one goes through a circuit with me - like when we 
have circuit theory lectures - I can understand it totally when he's doing 
it. But, as soon as I get a problem, I think, even befbre I've started, 
"I'm not going to get this right" because I know I never have in the past. 
I tend to give up before I've started, because I think they are difficult,
and sometimes they are not as hard as I thought. When I was at school I
never used the textbooks. We were dictated notes. The textbooks were 
there to refer to, but I never needed them. So, I found being here, and 
having to teach myself from the textbooks, it's a bit of a shock."
A girl starting her Physics degree course, believed that some of 
her difficulties were connected with the "all girls' school" where the 
teachers had attempted to divert her from her determination to study science. 
"Rita" said:
Extract No. 95
S. I often got the feeling that I shouldn't be doing Science because
I am a girl. I think that was a big part of it then. They tried to prevent 
me doing the subjects I wanted to do. The teacher tried to talk me out of 
it. It was fairly strong. The headmistress said: "Have you seriously 
considered it? Science is all very well, but ... We suggest that you do 
English, or more History, or ..."
II But you really wanted to study Physics?
S. Yes. But I also felt that perhaps I couldn't do it - because
they said I couldn't.
The majority of those interviewed believed that they had overcome 
their Higher Education entry difficulties by the second term. However, I
learned of other problems which continued to hinder students? progress 
subsequently, and these were made the subject of my inquiry.
Coping With Initial Study Difficulties
4.52 1 wished to learn the procedures used by students to overcome 
those problems which arose during the early months of their courses, 
and to hear what they thought of the various sources of assistance, 
such as study in the textbooks; consultation with their peers; and 
the guidance and advice obtainable from their teachers. With few 
exceptions those interviewed expressed a disinclination to seek 
assistance from their instructors. They offered a variety of reasons 
which appeared to be based on considerations of respect for the precious 
time of the Staff, but which probably had its origin in student lore 
that such calls upon academic help would not receive the warmth of 
welcome which the inquirers might desire.
Many favoured, in the first instance, discussions with fellow 
students, and the examination of their worked examples of similar 
problems. Most of those who offered a firm opinion in the matter believed 
they were best served by private study with the textbooks. Consultation 
with the teaching Staff was rarely mentioned, and then usually as a 
protection against examination embarrassment, or as a sort of grudging 
necessity under the pressure of circumstances. "Gerald", who had recently 
puzzled over some questions relating to electromagnetic waves, confided to 
me:
Extract No. 96
S. I spend hours looking at textooks until I find the answer. They 
do eventually help me. I mean, you can eventually find out what's 
supposed to be going on - but I find it very time-consuming.
I. Have you approached your tutor about these problems?
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S. Well, I have never actually gone to see any tutor about academic work,
except at my weekly tutorial; in other words, I have never gone to see him
half-way through the.' week because I can't do something*"
An Engineering student, "Louis", who had recently clarified some 
troublesome inductive phase difficulties preferred to be independent of his 
instructors* When asked if it was normally his method to work at his problems 
alone in the library, he replied:
Extract No* 97
"I would always go to the textbook, then I would talk about it 
with the others - yes, about as often as I would go to the books. I've 
found it easier to sit down with a textbook: it doesn’t get bored. You 
can sit there and go- through it several times, and work it out piece by 
piece, rather than with a tutor who may have another tutorial coming up 
and is pressed for time."
In some cases where the difficulties were connected with memories
of practical experiments on component behavior, it would be expected
that the solution would be sought in the laboratory; however, either 
from a school-time preoccupation with theory, or prejudice against 
personal manipulation of the equipment, students would opt for textbook 
research. A young engineer who had anxieties about her understanding 
of capacitors in a.c. circuits told me she was going to learn more
about them. "How will you go about it" I asked. "It's going to be
by reading" she answered. "I think so. Obviously, if I read enough I can
get enough different explanations to be able to get a general understand­
ing. It won't be by practicáis: they are so boring."
Many of the first year interviewees spoke of seeking the resolution 
of their problems through the assistance of their colleagues. In part, 
this appeared to be because in the first months of their Higher Education
2$k
they found it exceedingly hard to break themselves into the discipline 
of personal research. It was also in part due to a difficulty in 
adjusting to the condition of loneliness necessarily associated with 
gaining an education primarily through readings Some spoke of the 
understanding and cooperation of their colleagues and others stressed the 
impracticality of postponing inquiries until the weekly tutorial; moreover, 
that tutorial time was likely to be reserved for the consideration of the 
written work set during the previous week» "Jane", an Engineering student, 
told me:
Extract No. 98
"We talk with each other. I*d say that I probably get half 
my education just by chatting to other people. It*s easier in that you 
can get a good argument with some one, and really thrash some subject 
out until eventually you can come to a conclusion. Then Me both understand 
it better."
Another Physics student told me of her regular habits "I usually go 
to a second-year person, and ask. And I have a look at some of the 
questions they have done, and some solutions. Then, usually, it is OK."
A colleague of the previous speaker,"Winifred", similarly appproached 
more advanced students:
Extract No. 99
"My friends help me with my work, that is how I do it. X go 
to them and say, *This is the question. Can you answer it?* I feel 
guilty about it, because I do it frequently. It is better than leaving 
things until the tutorial. I can spend a whole tutorial on one question. 
Qur tutorials are about explaining what went wrong with the teats of last 
week. I prefer asking friends to searching the books. I find it very 
difficult to get things out of books. They never answer what you want 
to know."
MATHEMATICS AND VISUALIZERS
k.53 By the time the students enter upon their Higher Education, if 
they have a strong inclination towards the "Mathematic" approach, it 
is certain to be demonstrated in their attitude towards the course 
tuition, the laboratory facilities provided, and their choice of 
textbooks. The most strongly biased "Mathematics", although they 
have not considered the matter from the point of view of this research 
inquiry, were aware of their own eccentricity when compared with the 
large majority of their peers. That knowledge however gave rise to 
no discomfort, rather a feeling of superiority or satisfaction that 
they had adopted procedures of study agreeable to them and likely to 
be effective in academic achievement.
Through experience and practice the mathematical skills,which had 
come more easily to them than to others, were being constantly sharpened, 
and the executive satisfaction which they obtained tended to confirm 
their confidence that their methods were most appropriate for academic 
progress. The "Mathematic" inclinations do not necessarily rule out 
any use of "Visualisation" - indeed, several of those in this category 
talked of using some of these characteristics - but those methods were 
considered appropriate to a preliminary stage of study, or thought of as 
a less desirable alternative for particular situations. All the "Mathematics" 
I interviewed were reading for Physics degrees. It is likely that the 
characteristics which I have identified pre-determined their choice of 
degree course as much as their personal interest in the subjects offered 
and the career prospects thereafter.
Mathematics
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"Alex", whose school had taught the Nuffield Advanced Physics course, 
remembered that he had experienced difficulties in grasping the principles 
of inductance. He had found himself in conflict with the visually emphatic, 
highly practical nature of that method. He satisfactorily obtained his 
own solutions by consulting textbooks of his own choice. He told me:
Extract No, 100
"On the Nuffield course they didn’t seem to like mathematics 
too much. They tried to present inductance by analogy, I just found it 
very difficult, I wanted to know what was happening, even if it is in 
terms of symbols, I don’t think I paid a lot of attention to what was 
taught on the course, I looked elsewhere in the traditional books,”
I asked what place his practical work in the laboratory had had in 
clarifying the inductive problem. He replied:
"It was quite difficult to relate, experimentally, what was 
going on with the explanations and the drawings given in the books. If
you have equations in front of you which describe a quantity variance,
and you take measurements, you can see what's going on, even if it is
in an abstract form. But when you try to actually form a picture, it
just doesn’t work,
I, So you are the sort of person who is drawn to mathematics behind
the physical actions of components and circuits?
So Almost always the mathematical side,
I*, In the laboratory are you aware of approaching things from the
mathematical point of view rather than the practical?
S0 Well, I think I take a fairly reasonable note of the physical set-up,
but I am interested in looking for, say, inductances in parallel, or 
series, or capacitances in series or parallel, because there are opportun­
ities of applying the formulas relating to them. You can say, "that is 
all right then, here is the equation" and so on« That lets you get on.
I asked the same student about his conception of electrical terms:
Extract No. 101
I, I am interested to know your opinion about some of the terms 
commonly found in the textbooks, for instance, "Impedance" - what does 
it mean to you when you read of an amplifier having a certain impedance?
Itte voltage across the current®
I. And in a particular situation, like the amplifier?
S. Then I think of the induction and capacitance involved®
I. Do you know whether you generalize the result, or consider each
separately?
Ss I think of the mathematics of it® I remember, X asked the Physics
teacher about phase difficulties - about what was actually happening? but, 
if he did give me an explanation, X don't think 1 understood it, except 
mathematically® So, I just take it mathematically,, That means ... I suppose, 
I can’t understand what’s going on, what each wave doess, Consciously. X 
don’t think it’s necessary.
I was interested to have this ’Mathematic*s" opinion about the place 
of laboratory work on his course. He said?
Extract No. 102
S. Practical work occupies such a lot of time, and being of a mathematical
bent, I would be quite happy to do none* 1 know, obviously, it is necessary, 
but it’s just my view. I think, frequently, that practical work is the least 
valuable to me. I prefer to do things on paper: provided I get the right 
answers. If I am given .:;a-..set of principles to work with, I am quite happy 
with those principles, and if I can get the right answers I am quite happy 
about the answers. But, if I am not too sure about the principles, then, 
when I meet the answers, then I know I am using them in the right way, but 
I have to go back into the principles again, and keep at it until I under­
stand.
I. I think I know what you mean: you don’t want to confirm the paper
result by going to the actual experiments. You do it in your mind.
So Yes. I think I’d always do that. I'm happy to leave the experimental 
work to*others.
Another Physics student of strong "Mathematical bias was asked how 
he would respond to meeting the term "Inductive Reactance" replied:
"Basically mathematically: in terms of complex numbers."
He had studied transformers and found reflective impedence "a little 
troublesome." I asked if he would know the directions of the various 
currents of the secondary and primary windings:
SB You mean the back e.m.f.; no, I’d have to sit down and work it out
mathematically.
I. Mathematically - not by picturing the directions of currents?
S0 Definitely mathematically.
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1 asked another Physics student, "Jerry", if he thought about 
the physical function of the capacitor and inductor.
Extract No«, 103
S. No. I do it mathematically,
Io Was that how you did it when preparing for A-level?
S. I found I didn't have to know very much. I mean, it's all just 
intuition really. You are given formulas. X found I didn't really need 
to know much of what was going on.
I inquired if he found value in the practicáis given at his school, 
his answer was: "I don't think I ever wanted to go into the labs.” I 
presumed that he had no electrical hobby: "Oh, no. But, I think it
was in my last year they started a club for playing about with components 
and so on. I wasn't interested." I wondered if there was any tuition 
which he wished .he had had at school. He replied: "The only thing I wish
I had learned at school is a lot more formulas. When I came here I didn't 
know much about electricity.M
A regular characteristic of the "Mathematic" was a repugnance towards 
physical manipulation and even the thinking of the physical functions of 
the components. An alternative mathematical approach tends to be used, 
even when that may prove more complex. When I asked "Gladys", a first 
year Physics student, how she followed the currents of the transformer, 
she replied:
Extract No. 10^
"With electrical problems X usually try to get down the terms 
and work things out mathmatically, and let the maths explain what’s 
happening ~ rather than try to work it out. I usually draw the two things, 
and then I usually use Kirehoffs lav/. I try to do two equations, and 
then substitute hack to get the sort of reflecting "V". I can usually 
cope, though sometimes I end up losing contact with what's going on in 
the actual circuit."
During the course of her reading, what did the term "Capacitive 
Reactance" mean to her? Her reply was: I think it means what the formula
tells me."
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"Peter**, a pronounced "Mathematic" reading Physics, told met
Extract No« 103
S. I'd say I'm very much the mathematician. I certainly don't 
feel I understand a subject very much until I can understand the 
maths of it.
I. Is this true of your reading: I mean, aré you drawn to
textbooks which have a strong mathematical bias?
S. Yes. I'd say that's the way I do it. I'd say I don't
gain much from practicáis, unless I've worked through the theory. 
It seems a bit moronic to be convinced because something seems 
to work. At least, working things through is more satisfying 
intellectually.
I. The theoretical basis of a capacitor's function would
doubtless interest you, but does that interest carry over to a 
curiosity about the physical nature of the function?
S. Do you mean the separation of charge within the metal and
the capacitance of different capacitors?
I. Yes, all that relates to the component and its action in
a circuit.
S. I do think a bit about components and their actions in
circuits. It depends on how difficult the circuit is. If it's 
some horrible electronic circuit, then I just think of the maths 
of it.
The "Mathematic's" characteristic aloofness from the handling 
of real circuits was made plain when I asked:
I._ How do you cope with the practical side of your course?
S. Personally I would be quite happy not to have any practicáis.
I. None at all?
S. I know it's not a widely held view, but I'm only interested
in theory. Obviously, you need to have some practical experience, 
as I have had, but I think the main point of Physics is the intell­
ectual aspect.
f
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D I S C U S S I O N
The “Mathematics" in particular the strong "Mathematics", 
volunteered opinions and comments which leave no doubt as to 
their tendencies. Their conversation is usually marked by 
quantitative expressions, and they are rather uncomforatable 
with questions about the physical processes associated with
components and circuits, and tend to direct the talk away
from laboratory activities or practical electrical applications.
The practical work which "Mathematics" must do in Higher Education 
is carried out without enthusiasm or personal interest, and (as
in the case of "Alex", No. 100) they do not respond as well as
"Visualizers" to the assistance offered by textbook diagrams and 
illustrations, but seek an opportunity to apply the formulae, in 
which they place great confidence.
The "Mathematics" take a delight in solving problems, but 
very much prefer these to be abstract and intellectual, and are 
impatient with the manipulation of circuits, ^hey often express 
a similar impatience with time-consuming laboratory measurement, 
and tend to dismiss the observations and conclusions which others 
draw directly from experiment; and, like "Peter" (Extract No. 105), 
remain unconvinced until they have satisfied themselves intellect­
ually by mastering the mathematical theory.
While 1JPeter" is a pronounced "Mathematic" and his views and 
inclinations are of an extreme nature, his attitude towards practical 
work in the laboratory is in considerable measure shared by others 
in this category. The "Mathematics" who talked with me all expressed 
preference to keep practicáis as short as possible and to have as
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few as possible. Having minority tastes, they exchange ideas on 
their work with a limited number of others of like interests, and 
generally like to work on their own, favouring textbooks which 
others find difficult. They tend to associate the practicalities 
of the electrical circuits and their real-life uses as a somewhat 
unsuitable subject for persons of their intellectual nature.
Although in the course of this research the number of students 
displaying strong "Mathematic" tendencies was small, there was 
much consistency in the opinions expressed, and so many similarities 
of procedure described, that there is good reason to accept the 
likelihood that they are representative of an important class of 
student in Higher Education. They are in exceedingly strong 
contrast to the many lfVisualizersH who came forward to tell me of 
their experiences.
302
Those students who I have denominated "Visualizers" tend 
to use mental pictures to clarify their scientific studies more 
than others. Examples of this are given by students applying 
their habit of visualization to assist in separating the differ­
ent currents which can flow in transformers, and by others in 
their methods for reading the circuit diagram of the amplifier 
which I invited them to examine.
"Visualizers" were interviewed who were reading both Physics 
and Engineering degree courses, but the majority were Engineers.
They quite rapidly identified themselves during interview by the 
emphasis they placed on Graphic or non-mathematical elements in 
their work, and often signalled their bias by frequent use, and 
emphasis, placed on key words or phrases which were specially 
significant to them; words such as "See in the mind", "Picture", 
"Visualize." Their inclinations and habits appear to be genuinely 
natural to them, and there was no evidence that their tendencies 
were imposed by any form of training - other than that of comfort 
and convenience in following a method which had been successful 
in the past. However, as they advanced in the study of Electricity/ 
Electronics, some "Visualizers" encountered the difficulty that some 
phenomena were so remote from experience that mental picturing 
becomes exceedingly difficult.
The accounts of the interviewees suggested that inductive 
phenomena, which are principally observed through instruments or 
indirect effects, are particularly difficult for the "Visualizer" 
to comprehend. The "Visualizer" can also find the tendency brings
Jf.55
The Student "Visualizers"
303
conflicts- particularly when attempting to resolve problems of 
understanding fundamental principles - in the company of those fluent 
in mathematics, or when consulting the recommended textbooks which 
are rarely adapted to their predill ct ions.
The information gained during the interviews suggests that the 
strong "Visualizers" take a greater interest in practical work than 
the majority of their colleagues, and very much more so than those 
of the "Mathematic” tendency» It was also noted that many of the 
most successful and enthusiastic hobby constructors were of the 
"Visualizer” category. A considerable proportion of those who 
favoured this approach regularly used a visual imagery to clarify 
electrical problems in some measure, before continuing to a consid­
eration of the mathematics of the subject in hand. As far as it 
could be learned from the relatively brief interview, most of the 
visual imagery relating to capacitance and inductance had its origin 
in the drawings given in the textbooks (or adapted from them by 
their school teachers), and those were remembered with special 
precision which simulated three-dimensional effects. Ear the 
"Visualizer" pictorial aids are particularly important, and contrib­
ute considerably to fixing electrical principles in their memories.
The approach of the "Visualizer" was put simply and directly 
by "Colin”, an Engineering undergraduate who had gathered a consid­
erable experience of circuit construction, having started at an 
early age by assisting his father in such projects. In the course 
of conversation about his method of approaching a new and complicated 
circuit, he said:
Extract No. 106
S. I just sit and work it out
I. Do you attack it in a mathematical manner, or do you follow
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S. The second. I definitely do that. I don't just go through
the mathematics of it, working out current measurement and formulas. 
I would do it physically. That's how I learned, by trial and error.
I would try to understand how it works.
I. Would you follow signal paths?
S. Yes. I'd imagine points: where the component was and what
it was doing. You know, it's quite a good thing to do. You can
imagine why you've to fit a transformer there , and why you've to
fit a capacitor across it, and so on. That's basically how I 
learned. Just by imagining what happens, not going into any 
analytic mathematics. Just thinking of the components and what 
they do. Then you can put the maths on after that. I think that's 
the better way to do it.
out the physical effects in your mind?
The Value of mental imagery to those less mathematically 
fluent than some of their colleagues was put to me by "Harris", 
a Physics student, who had applied this method when coming to 
grips with A-level inductance.
Extract No. 107
"My experience is that people who particularly like maths 
get on well with electronics. A personal friend of mine who 
has always been better than me at maths and is doing the course, 
he is keen on electronics and everything, because he tends to 
follow through mathematical equations; whereas, I tend to stand 
back and like to get the grasp of the physical concepts in terms 
of a picture. He will get to an answer at the bottom and he 
wouldn't really understand it, but I go from step to step. He 
gets the answer and he's OK. He loved the formulas and this and 
that. X think there is a contrast between those people who like 
to understand everything about what they are doing - like me. I 
go slowly, but I've got to know exactly what's what and why."
*f.56 The Uses of "Mental Pictures"
The translation of physical phenomena into mental pictures had 
considerably assisted "Jane", a first year Engineering student, when 
she had studied capacitance at school and was making progress towards 
mastering the mathematical theory.
Extract Ho. 108
S. Well, eventually I got the hang of it. The sort of picture 
of what happens, then from that I went on to the mathematics of it.
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I used to think of large plates for large capacity - it makes it a lot 
easier if you can think of a lot of charge on a large plate« I could 
picture the gathering on the large plates«
k.57 S&e also had difficulty with the principles of inductance at 
school, and some problems - remained;
S, I think the problem came with the electromagnetic fields. How
the field set up by the current flowing was changing «,» Well, the 
concept of it changing. Changing, but actually moving, as it were.
You have momement over the wire; that didn’t seem clear. It still 
doesn * t, really,
I, Could you tell me a little of how you think of the field in
relation to the wires?
S, Well, I have to think in terms of the magnetic field being
a lot of concentric sorts of riggs whirling round the inductor? and, 
as the current builds up, the field builds up too, and moves out. But 
if it decreases all the rings move back in. Every time a ring goes in, 
it cuts the wires,
I, And then?
S, It produces a back e,m*f,
I, Which you understand as what?
So It tries to maintain the current as it was,
I, Do you imagine back e,m,f, physically doing that - as opposed
to thinking of the formulas?
S, Oh, No, I do think of it physically.
Something of the difficulty which ’’Visualizers" have with the 
picturing of invisible and intangible electrical phenomena was expressed 
by an engineering student, ’’Michael”, who had struggled to visualize the 
dynamic actions of flux around a current-carrying wire:
Extract No, 109
So I did try to visualize it, but still didn’t know what it was,
I, Is it your natural tendency to visualize the physical happenings
in the circuit?
So Yes, Quite certainly, I must say it’s pretty disconcerting. It’s
essentially something that we can’t picture properly, yet if we eventually
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get things to work with it . •» Well, it can help understand the 
effect, though you can't say exactly what caused it. You can 
always explain it in mathematical terms.
Some of the limitations of the mental imaging were referred 
to by "James”, a first year Physics student:
Extract No. 110
"Well, I used to have mental pictures. I used to do this 
an awful lot. But now I've found that the further I go, the more 
the making of images fails me in that respect. The more things 
begin to behave as you wouldn't expect them, so I have to rely on 
formulas. Now I very much rely on formulas. But ... I find 
the visual approach inevitable - it happens to me."
The "Visualizers" ready access to imagery to separate the 
transformer currents was explaned to me by "John", a Physics 
student:
Extract No. Ill
I. And would you know the direction of each current?
S. Well, it's going to oppose change, which is Lenz* law.
I. Yes, and ...?
S. I could work it out. I could visualize itfhat's going on.
I. You would visualize it?
S. Yes. I'd visualize the opposition and work it out that
way. I couldn't think of doing anything else.
*t.58
"Visualizers" and Textbook Illustrations
The "Visualizers' " need for observable and tactile experiment, 
and appropriate illustrations in the textbook was expressed by 
"Andrew", a first year Physics student:
Extract No. 112
S. It isn't my favourite subject, but it isn't that I dislike it.
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The ideas, the concepts ... some of them are quite hard. They are 
telling you what happens to signals, but you just can't picture it 
at all.
I. You like to picture electrical things, rather than depend on 
calculations?
S. Yes. X find that if I have seen a thing in an experiment, if 
I have seen a thing and actually touched it in a practical, and 
measured it, and plotted it on a graph, then it's much better than if 
I do a theoretical proof that something should happen. I can grasp 
it much better. The books are really based on a lot of theoretical 
models. They give you these proofs, and you just think: "Oh1’ and 
then look at the equation at the end and that you are going to have 
to learn for the exam. I suppose some people find the proofs inter­
esting, but I don’t at all. You can be pretty unsure if you don't 
really understand the formulas you are using.
The fact that book illustrations are of particular importance 
to "Visualizers" was stressed by "Max", an Engineering first year 
student, who had found fault with the recommended British textbooks 
and turned to American publications.
Extract No. 113
I. I would be interested to have a comparison of the illustrations
in the British and American books.
S. The Americans are far better at three-diamensional drawings.
I. Is that type of illustration important to you?
S. Yes. I think it makes a lot of difference. Having drawings
which are very clear, three-dimensional.
I. There are students who approach their work from a mathematical
analysis, and another sort who use a visualizing and imaging approach. 
Are you in one of these classes?
S. Oh. I'm very much in the visualizing class. Definitely. I'm
very much the sort of "Engineer's Engineer."
■1 The vital visual element in studying electrical matters was 
strongly put to me by a "Visualizer", Joy, a Physics student;
Extract No. ll*f
I have to try and understand the actual physical principles 
involved. I think that half of the understanding of something is actually 
being able to see it physically, rather than just looking at a sheet of
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paper and doing the calculations* That doesn’t mean anything to me, 
really* Well, not as much as being able to explain5 ii/fty”
I asked if she had ever been taught about the practical applications 
of inductors*
"No. We’ve done nothing like that* Things like that haven’t 
been talked about, just the Physics of it* If you could see how it is 
used, and when it is used, it’s bound to help you in understanding« The 
fact that you see how it’s used and what it does and how it works* By 
the time you get to university they think you have enough background 
behind you to understand the principles, and you are just using theory 
to extend those principles« But you still need to see what’s happening 
as much as you need to work out the maths«”
¿f.59 The approach of the engineer who works by practical experience 
rather than theory was stressed by ’’Louis”:
Extract No« 115
S. Because I started experimenting at quite an early age, when 
my inaths was not in any way capable of dealing with that, I had to do 
it on the physical level« I built up an intuition; and, I can look at 
a circuit diagram and visualize Ik w  it’s going to work« Nov/, if necessary, 
I can go back and say: ’’Right,knowing this I can apply the formulas.”
I. Would you say this is true of many of your colleagues?
S. Most of then operate in another way, I think - in a mathematical
way. I think they deal in a mathematical manner, and I think it often 
leads them astray«
I. Why does it lead them astray?
S. From what I have said, you can apply maths too much: you can end up
not seeing how it actually works, and have no feeling for it« Many of the 
engineering problems have been caused by people who have taken a rigid 
mathematical approach to something, and not sat back and looked at it from 
an engineering viewpoint, and just not used common sense.
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D I S C U S S I O N
Strong ’’Visualizers" when reading for a degree in Physics 
or Engineering, are made aware of their tendencies by the contrast 
of their procedures with those of colleagues around them. They 
(like "Harris”, Extract No, 107) hesi^ tate to rely principally on 
the mathematical formulae, because they feel an urge to "stand 
back,and like to get the -grasp of the physical concepts in terms 
of a picture.”
Moreover, they are deeply interested in the physical process 
of electrical functions, so that they can not be satisfied to get 
”an answer at the bottom”, but want to ’’really understand it, and 
go from step to step”. The strong ’’Visualizer" nevertheless can 
be an excellent mathematician, and most of them in Higher Education 
do obtain the benefits which the ordinary application of mathematic­
al formulae and theory can offer.
The ’’Visualizer”, by habit and long practice, generally has 
a store of electrical imagery to call upon (whether of a static or 
dynamic nature), and finds it easier to start with the recall of 
these than to apply mathematical theory. As with ’’Jane", (Extract 
No. 108), considering the action of a capacitor, an image comes 
to mind, and afterwards she turns to the mathematics of the situation.
In the course of their conversations the "Visualizers” often 
indicate (or tend to confirm) an ascription by their frequent 
volunteering of graphic models, such as the pictorial descriptions 
of electromagnetic fields; and, by the emphasis which is placed 
upon them, it is certain that these are not simply conveniences of 
speech, but are exceedingly important to the students. The
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"Visualizer" feels a need to examine the practical circuit and 
make his own observations, and is not as easily satisfied by 
textbook treatment as those without his tendency. Such a 
condition is strongly expressed by ’’Andrew”, (Extract No. 112).
It would appear to be the case that ’'Visualizers” can be 
more flexible and versatile in their approach than the ’’Mathematic” 
the circumstances of their environment may apply pressures upon 
them to modify their tendencies towards a mathematical approach, 
and many appear to be able to conform. The pressures for change 
during secondary education may come from the methods recommended 
or insisted upon by teachers, or even from the need to accept and 
memorize textbook material for the purpose of passing A-level 
examinations. There are even greater pressures placed upon the 
freshmen ’’Visualizers” who read for Physics degrees (and some 
Engineering degrees) where a highly-charged mathematical environ­
ment progressively obliges them to cultivate a manner of study 
and thought which is not particularly comfortable. Such a modif­
ication, of habit or tendency is rarely demanded of the ’’Mathematic” 
in Higher Education: most of the teaching he is exposed to is
strongly mathematically orientated, and those obligatory activities 
of a strong graphic nature in the laboratory are not of sufficient 
length, nor regarded with sufficient importance to force any 
substantial modification in the "Mathematic's^ tendencies.
The interviews gave reason to believe that among Engineering 
students there is a considerable proportion of "Visualizers” and 
that they are also found among Physics students in lesser, but 
significant numbers. These people do have an approach to their 
work which is at variance with ”non-Visualizers” and there can be 
no doubt that it would be tb their advantage if these study
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procedures were taken into consideration.
Much of the teaching which is offered to these students 
appears to be designed primarily for the needs of those who 
are, to some degree, inclined to a "Mathematic" bias, and 
similarly, most textbooks present their material in a form which 
is not attractive to the "Visualizer”, and may be in conflict 
with their tendency to seek out strong pictorial physical 
'’landmarks'* which can be committed to the visual memory. It 
is also evident, from the students' personal accounts, that 
their tendencies are not understood by their teachers, who 
if they have learned anything of the "Visualizer's" approach, 
generally disapprove, and urge the adoption of regular rigorous 
mathematical methods.
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THE PHENOMENON OF CAPACITANCE
A. 60 The concept of capacitance is not clearly understood by many 
of those beginning their Engineering and Physics study at university 
and polytechnic» During earlier A-level preparation, most of the 
attention focused on the component, the capacitor, and it would seem 
that the urgency of covering the syllabus in a manner effective for 
examination success prevented much consideration of other instances
' Urof capacitive behavior» Few of the students have subsequently 
expanded their knowledge of the phenomenon, and they find it very 
difficult to believe that capacitance exists elswhere than with the
component with which they are familiar„
Notwithstanding the fact that all the undergraduates reading 
Physics or Engineering will have learned something of electrostatics - 
the subject is certainly covered adequately in the standard textbooks- 
few of them appear to be able to associate that knowledge with the 
phenomenon of capacitance which they meet in Higher Education courses«
Those who acknowledged that they possessed only a hazy notion of the 
phenomenon of capacitance displayed some embarrassment, so that little 
progress could be made during the interview after the students had 
offered their memory of the mathematical formula,and indicated that 
they proposed to "read it up."
The weak grasp of the subject displayed by "Jane", a first terra
Engineering student, was shared by several others:
Extract No» 116
I. Has the meaning of the terra Capacitance caused you any trouble?
Se Yes. I’d say it did, and it still does. There are complications •«»
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I® Gould you tell me a little of this?
So Well„ obviously, now I just think of it as electrons or holes
that accumulate on one or the other plate - on one side it is just 
electrones« Capacitance is the energy stored there«
I» You mentioned the plates; what about the space between them?
80 Well the dielectric is there® It’s relative to air®
I® Is it connected with capacitance?
So I just know it’s insulation® Beyond that, I’m not so clear®
"Herbert", another first term engineer., could associate the 
phenomenon oily with the circuit components
Extract No® 11?
I® Has the concept of capacitance been troublesome?
S® I usually understand what’s meant by capacitance when I read
the word in the books.
I® Suppose a yoimgster were to ask you: "What is this thing which 
the books call ’Capacitance®, what would you say?
S„ I’m not sure® I’d have to start from basics and build up to the 
component itself®
I® A single wire forming a complete circuit will have a measure of
capacitance® Could you comment?
8  o  e  ® o  o  ?
A fairly similar exchange was held with "John", a Physics students
Extract No® 118
I® o®o and the concept of ’capacitance’ ?
S® It’s the extra charge that has to go on a positive plate for.
an increased potential of one volt® Once you have got that clear, there’s 
no real problem®
I® Suppose a youngster were to inquire about capacitance associated
with a current-carrying wire round a complete circuit?
8® Oh, a single wire® V/ell, ®.®® I didn’t realize that a single wire 
would have capacitance®
Some students admitted that they had no memory of every having
considered the matter at all® A typical exchange was with "Milly", 
reading Engineering Science!
Extract Mo, 119
1«, When the textbooks mention the word ’Capacitance* what does
it mean to you?
So I have never really thought about it® I just accepted it®
I0 What does it mean to you now?
So I*d automatically say it was the ratio of charge over voltage«.
Not infrequently students showed little sense of curiosity about 
the phenomenon, and some believed that they had learned nothing about 
it beyond the condition attached to a particular component® An example 
of this conviction was given by "Rita", a Physics student: f,I don't really 
remember it ever being explained® It was just a case of: "It's this, 
and this is what it does*"
A different approach was taken by "Louis”, an Engineering student 
with strong practical interests:
Extract No«, 120
I«, Suppose some one asks for an explanation of what the books call 
'capacitance *, how would you explain it?
So I think I would have difficulties® 1 think I'd try to show them " 
through practical experiment what a capacitor does® X think that's 
important® From the engineering point of view, what is of prime import­
ance is the understanding of what it does and how to use it
Capacitive Reactance
¿f.6l Capactive reactance, as introduced at school, was remembered as a 
troublesome element of electrical theory by many who were in their first 
year of Higher Education® Although they may have used the formula in 
the solution of problems, the physical nature of capacitive reactance 
was often only partially understood® Together with inductive reactance, 
the phenomenon could invoke feelings of uncertainty, vagueness, and 
anxiety, and a reminder of the students' as yet unfulfilled intention 
of undertaking some revision®
Most of those interviewed spoke of their A-level preparation 
as dealing with inductive and capacitive reactance together, and, 
after even a little distance in time, there tended to be some confusion 
of theory® Those xdio had not satisfied themselves in clarifying their 
thoughts on the subject, prefered to avoid a consideration of the 
physical situation, and relied solely upon formulae® ’‘Hilly", reading 
Engineering, remained in considerable doubt about the practical nature 
of capacitive reactance, and trusted to her memory of the equation to 
"get by®" She told me:
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Extract No® 121
S6 I can’t remember it very clearly at school® We did it together
with inductance® I think I just accepted it. I could cope with the graphic 
method® Here we use the "J" notation® The thing that bothers me is 
getting the sign right®
I® If a person v/ere to ask you, could you explain the nature of
capacitive reactance?
S® No® I would just write it down - the formula®
"John", a Physics student, who was yet to undertake his intended 
revision of the subject, expressed a considerable degree of uncertainty:
Extract No® 122
S0 Capacitive reactance? Well, I suppose one does have problems 
with it® One tends to take the attitude that anything that’s involved 
with complex numbers is fairly fishy anyway®
I® Have you had trouble with the Lead/Lag alternatives in capacitive
circuits?
S® Interesting ®«® I wouldn’t say it was difficult ®®s but, it is
difficult to see how it would arise from just looking at it - without 
doin$ any thinking about it - but, I don’t think it’s too complex®
I® At university have you used an oscilloscope to examine wave forms 
and capacitive reactance?
So 1 suppose 1 must have I can’t think®
1® Do you remember which wave form leads in a capacitive circuit?
S® Well, let me see ®e8 Oh® Which leads and which lags? I can't
remember®
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One Physics student who had been unable to master the principles of 
capacitive reactance at school, had afterwards resolved his difficulties 
during the first few months at university,, ''Ferdinand1' told me:
Extract No. 123
S* It took quite a long while to understand it - up till quite recently*
After a while it seemed quite obvious*
Io How were you able to clarify these matters?
S0 Through fellow students at college« You know: one gets hold of
an idea, then you explain it in all sorts of different ways, until the 
way that appeals to some one else is reached* So you get to know as much 
&s each other*
An example of a "Visualizer" using a dynamic picture as a memory aid 
for identifying the priority of phase in a capacitive a«c® circuit was 
given by "Jane", an Engineering student:
Extract No« 12*f
S, Well, with a»c0 capacitive circuits you've got leading and lagging*
That's awkward ~ trying to memorize those« Well, the way I think of it now
is that an inductor is like a buffer to the current: the current goes behind,
so the capacitor is opposite to that»
1» When you think of the current, do you think of something moving, or
is it the formula that you refer to?
S„ Yes» I*t§ real« I think of it moving»
Another use of the mental image to assist the memory was given by 
"Kenneth", a Physics student of marked "Visualiser" bias:
Extract No* 123
S» It troubled me slightly in the beginning: to know why, and how
there could be a lag or lead» I worked out physically what, was happening 
in the inductor and capacitor, then I had no problem after that»
I» Did you use the graphic method, or did you follow book illustrations,
or do practical experiments?
S» We did experiments to see it* Also all the same things are shown
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in the bookse I very quickly built up a picture in my own mind 
of what*s happening physically, but you never quite believe it until 
you actually see it on the oscilloscope«,
The interviews reveal an area of weakness common to university 
and polytechnic students. In all probability, on account of the school 
emphasis on theoretical matters and limited practical work, immediately 
followed by an academic approach where numerical problem solving is so 
high regarded, many of the interviewees had acquired an unbalanced 
knowledge of capacitors, which largely isolated them from an under“ 
standing of the practical applications of the devices. Very few of the 
students, other than the expeidenced circuit constructors, could instance 
the uses to which these devices are put in the multitude of electrical 
and electronic circuits which relate to their daily lives.
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THE PHENOMENON OF INDUCTANCE
k.62 The interviews revealed that inductance was a sour'ce of much 
anxiety to those preparing for A~level examinations, and the unpleasant 
associations were not absent from the minds of many who had reached the 
second term of their university or polytechnic studies» From the 
accounts given, it is clear that the school pupils felt that their 
teachers were often struggling to impart the principles of inductance 
theory» In some measure this may be because those teachers were attemp­
ting a simplification of the fundamentals to ease the learning process 
for the examination candidates; nevertheless, by omitting some of the 
theoretical elements they may have delayed the students’ consideration 
of essential principles until an awkward point in their education: the 
weeks of adjustment to university or polytechnic studies»
It was the students’ experience that inductance received less 
attention than other basic electrical principles, and that a»c» circuit 
theory was seldom taught with any thoroughness, and the laboratory 
experiments (to the best of their recollections) were generally in 
the nature of observed demonstrations, few of which had tied-in closely 
with their classroom theory» Very few of the students spoke to me of 
having studied voltage and current wave forms with the oscilloscope» 
Students confided to me that they were not happy about their grasp 
of inductance» Few of them, othex' than the most conscientious and 
persevering, had studied the subject in the recommended school text­
books» This is unfortunate, because currently favoured textbooks treat 
the subject with care and offer helpful drawings.
Those who had prepared this area for A-level examination had 
scmietimes acquired such a slight understanding that it was largely 
forgotten by the time they had reached university or polytechnic, 
and even the application of Lena’ lav; had become a vague memory
to a considerable numbèr of those interviewed»
The "Visualizers" among the students found much difficulty in 
registering in their minds the physical operation of phenomena 
which are so remote from ordinary human experience» The ’’Mathematics"
appeared to be less troubled, possibly because they were content to treat
the operations in abstract, and not to inquire too de3ply about those 
functions® Some who had mastered the formulae and had practised 
examination questions, later recognised that they had much more to 
investigate» A considerable number of those in their first or second 
terms at university had not clarified their ideas about induction» They 
were disappointed to discover no opportunity for revision and that they 
were expected to have a sound knowledge of "school level work«"
For many of the students, inductive theory was a priority on 
their list of textbook chapters for revision. For some the subject of 
induction invoked considerable embarrassment during the interview, 
which prevented any probing in depth into this area of weakness.
319
320
An example of the difficult situation which some recently arrived 
Engineering undergraduates found themselves in was given by "Alex”, who 
had forgotten Lena’law:
Extract No. 126
So Inductance, ~ it was difficult, yes.
I. Are you able to put your finger on the difficulty?
So I think it was the confusion of the "feed-back" idea: whether it
was positive or negative.
I„ Yes?
S. Somehow, I didn’t believe it. But again, I'm not sure I can quite
believe it now. At school, I can honestly say that I didn't really know 
what was going on most of the time, yet I was able, through working hard, 
to get a top grade©
A colleague, "Bill", had much the same unresolved problems:
Extract No. 127
"Yes. We have done that quite recently, self-inductance and 
mutual inductance, but I haven't really studied it: I mean, I haven't
really thought about it. I don't remember much from A»level. Inductance, 
it's a big mystery. But then, so are quite a few of the forces to me."
Charles, a Physics student, had been rather alarmed during the 
first weeks of his course to realize he knew much less about inductance 
than many of his fellow students. He told me:
Extract No. 128
S. I's a difficult area. I think it's the one, I suppose, I'm least 
happy about, and really must attempt to fill out. I don't know if there's 
any reason why it should be more difficult than capacitance.
I. Suppose a schoolboy should inquire of you: "What is this thing
called inductance”, how would you help him?
So I don’t know what it is myself« I’d certainly have to think about 
it« But as a general concept it's quite difficult« I suppose I’d give 
him the formula»
”Kitty”, an engineering student, had not studied the subject seriously 
at school, and regretted it because she felt she had lost her opportunity:
Extract No» 129
”1 just think of inductance being in the circuit. Inductance 
is the flux formula, probably because I don't understand the actual 
physical thinking of it. So, I have to fall back on the formula. I’d like 
to better understand what's going on above and beyond ¡mowing the formula«
At school we tended not to look into books, and at university there never 
seems time to look around«”
Quite frequently in the course of conversation, students would 
indicate uneasy feelings of conscience with regard to the currents 
circulating in a secondary winding: generally it had not been thoroughly 
examined at school, and they anticiped hidden difficulties. When the subject 
was reached during her interview, "Rita”, a first year Physics student, 
was reluctant to speak on a hateful topic:
Extract No. 130
S. Oh, it's fields again*. I don’t understand it. 1 can't visualize
it. The effect of fields.
1« How will you get over this difficulty?
So 1111 attempt it through books ... but I don't know ...
Weaknesses in areas of school Physics which had never been adequately 
treated by personal reading and study, were sources of lingering anxiety 
to a considerable number of students, to judge by the comments made in the 
course of interviews with first term undergraduates. The words of "Aline”., 
an Engineering Science student, were similar to those I had heard from
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several otherso
Extract No» 131
S® "We are going to have E®M* lectures soon® I’m not looking forward 
to them® I wasn't good at it at school®
I® Do you remember specific areas of difficulty?-
So Inductance, mutual and so on® How to analyse circuits connected
into inductance. You know, toying to imagine voltages - it's rather hard 
to imagine® I have kept my A-level notes on Electromagnetismo The trouble 
is that it seemed complicated then» I couldn't understand the explanations 
the teacher gave us®
One of the students who had struggled with the recommended course texts 
but made little progress in 'furthering his knowledge of inductance, was 
"Ronny", an engineering student who had memories of school misunderstandings 
concerning the phenomenon® He explained?
Extract No® 152
S0 It remains a problem* It's the concept? what actually happens
inside an inductor* I don't understand it®
I® Have your engineering course textbooks not helped?
Sa Well,several times I have looked into textbooks and not been able
to understand it® I just lost interest« They seem to sweep round it: they 
suggest that it's really simple and you should be able to understand it®
So it's done in a couple of pages® They’ve not enough explanation and they've 
not enough examples, worked examples®
Most of the students who talked with me of their understanding of 
the term "Inductance" as met in the course of their reading, felt a lack 
of confidence in interpretation® One young engineer told me plainly?
"I certainly never had the hang of it® I couldn’t picture what the thing 
really was® I used to like water comparisons? I don't think that had any 
connection with inductance®"
A Physics student at the same college said? "The idea of fields, 
and the more fundamental levels of electrical properties, wave propagation 
and that sort of thing? they still cause me great problems® I can apply 
the formulas, and quite often get the right answers, but I think there is 
some physical understanding still lacking®
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A. 63 The students who felt confident about their knowledge of the 
theory and operation of the transformer were frequently those who 
had carried out experiments with them in the laboratory. It was noted 
that those classified as "Visuali e^rs” benefited most from such 
practical work. It appeared to enable them to "fix the information" 
in a pictorial form in the memory, and that image was easily recalled.
An instance of this was given by "Max", a strong "Visualizer", 
who considered that he had thoroughly mastered all the transformer 
principles while at school:
Extract No. 133
S. I think I had a fairly strong appreciation of what flux was, 
and flux intensity, and the idea of actually having a linkage because 
of that. I could picture that quite easily.
I. Was that because of some textbook illustration?
S. I don’t know ... I think partly the way the teacher explained
it. I think we had a good A-level teacher. The practicals as well dem­
onstrated it. I think the practicals are very important in that sense.
I think it would be very difficult to explain without diagrams, and the 
actual thing there is much better than diagrams.
By contrast, "Aline",?ah Engineering student, had little practical 
experience of transformers and continued to have trouble in visualizing 
flux linkage:
Extract No. 13^
S. It was all rather difficult imagining how that all tied-in with
each other, and how you get the results. It’s the difficulty of think­
ing about it in physical terms: to think about the action within the 
coxls.
The Transformer
S. Yes. I think that if they could draw some analogies perhaps
people could visualize more easily; then link it in with electromagnet­
ism. Then you could say: "Oh, yes. I see what they mean" If we could
analyse what happens before we did the mathematics.
I. Have you ever seen oscilloscope wave forms from a transformer in 
action?
S. No, but I think that would help.
Students talked with me of having studied transformer phenomena 
mathematically, and having satisfied their tutors on test problems, yet 
weeks later, they felt uneasy. Their studies had been very much isolated 
from the real world of electrical engineering. This was brought out by 
"Jerry", a Physics student at university:
Extract No. 135
S. Yes, we've done them. Our lecturer was/ good, and we've a fine
tutor. But, ... yes, there still are some problems.
I. Can you follow the directions of the currents in an operating
transformer?
S. Wellj ... if I mugged it up a little.
I. Have you thought about the applications of the transformer, or
of the different types?
S. I can't say I have.
I. In your laboratory the benches are fitted with isolating transformers.
Do you know about these?
S. I don't think I have heard anything about them.
Some of the students of "Visualizing" bias felt very strongly that 
their needs were quite ignored in an educational system where mathematics 
was stressed so emphatically. One Engineering Science student, "Selina" said:
I. Do you mean imagine in the sense of seeing it in your mind?
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S. Yes, we’ve covered transformers, but very very stogily,
and mathematically. Nobody has done any sort of hand-waving, 
which is what I like.
I. You mean applying Fleming's left and right-hand rules?
S. No. When I say hand-waving, I mean some sort of physical
explanation of what's going where and what's happening. They go 
straight into equations.
I. You feel that these physical descriptions are necessary
for you?
S. Yes. Very much so. And I have found that, generally -
almost always - whenever you ask a question which is really 
basic to the point that it seems stupid, you are never answered 
in a simple way. They always send you right back to equations - 
but you have seen those equations, and you want a different way 
of thinking about it.
The most despised thing here, it seems to me, is to ask 
a "stupid question". They seem to think that if some one asks 
a simple question it is because that person hasn't done any 
thinking. Actually, I think it's the other way around. The 
person who asks the questions about basics, is the person who 
has thought it through and found something which bothers them.
D I S C U S S I O N
Reluctance to Speak about Inductance
During the interviews with first and second term university/ 
polytechnic students it was clear that there was a great reluctance 
to talk about inductance. I received the impression that many had 
studied it superficially at school, and associated the phenomenon 
with the formula and little else beyond a few specimen A-level 
questions; and, having succeeded in their examination hurdle, 
they were content to forget about this fundamental property. On 
several occasions there was an almost exact repetition of the 
conversation held with a second term Engineering student (who 
told me he had obtained an "A" grade in his A-level GCE examination);
S. Inductive reactance - we did it briefly at school.
I. How do you remember it: by formula or physical description?
S. I just don’t remember it at all.
A colleague of this student was not more forthcoming:
"Inductive reactance? I’m not sure. Isn’t it involved in 
resonant circuits? I've done fewer circuits with inductance than 
capacitance. I think I've less knowledge of them."
There was a paucity of information regarding the uses of inductors, 
and apart from the frequent reference to tuned-circuits, there was 
little knowledge or interest in practical applications. The exchange 
with a second term university Engineering student was characteristic 
of many:
S. The uses of inductors? Well, ... transformers.
I. Where have you met transformers?
S. Well, ... I suppose just for transforming voltages from the 
mains for the computer.
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There can be no doubt that many would benefit from a more 
prolonged study of inductance at school; however, in view of the 
fact that a considerable proportion of students hesitate to tackle 
the "complexities” of inductance, it seems best that teachers 
should attempt to ease the diffident learners* problems by recom­
mending (in addition to the use of the prescribed textbook) students 
to work through a programmed text on the topic, such as the excellent 
coverage given in the Basic Electricity course of the New York 
Institute of technology (1964), where the numerous characteristics 
of inductors and inductive phenomena are examined in very small steps, 
progressively providing a solid foundation of knowledge of inductors 
under both D.C. and A.C. conditions. Alternatively, they could be 
asked to read in the public libraries the admirably clear exposition 
which S.P. Thompson gives in his Elementary Lessons in Electricity 
(l88l, and numerous subsequent editions).
Another means of aiding the learners is to recommend the 
reading of biographies of those who pioneered the study of inductance. 
In the course of following the researches and speculations of the 
first researchers, the essential features of inductance can be under­
stood without the academic pressures of the textbook exposition. Few 
pupils would find any difficulty in reading The Life and Letters of 
Faraday (187O) by H.B. Jones 2 or, Joseph Henry (1950) by Thomas 
Coulson , and almost all would gain much interesting and useful 
historical information on the fundamental principles governing the 
phenomenon.
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THE PRINCIPLES OF THE MOTOR AND GENERATOR
if.65 Approximately half the students who talked with me were experiencing 
no significant problems in the study of motors and generators. These 
had been fortunate enough to obtain a sound foundation of electromagnetic 
theory during their A-level preparation, and were confident that their 
understanding of fundamental principles would carry them forward success­
fully on their more advanced work. In almost every case, those who 
believed that they had a grasp on the theory and functions of the motor 
and generator had undertaken some construction (or dismantling) of the 
units in the school laboratory.
Among those satisfied with their understanding on the subject was 
"Amanda", who said:, "Yes, I think I understand motors. Fleming's right-
hand law. We built one in practicals. We stuck bits together with
0Sellotape. It worked. It was the practical of the year!
Another Engineer who appreciated his school practical model-making
was "Max" who told me: "At school we did the theory, then, as part of
our course, we made an electric motor in the lab. We wound wire, and put
corks on1 and so on. That was useful and it was great fun. That electric
motor sticks in my mind."
I. Have you stripped-down functioning motors or generators?
S. It's the sort of thing I do at home. I am a compulsive taker-apart.
However, some students had memories of difficulties and confusion 
in their attempts to grasp the electromagnetic principles of motors and 
generators, and had not subsequently,studied the textbooks to clarify these.
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There was a tendency to harbour anxieties about the "complications’* 
surrounding these units' operation when at school, and thereafter 
they retained a disinclination to investigate them again, except 
when urgently required to do so by their course commitments.
One example of this was given by "Jane”, who told me:
"It was all right until they told us of the back-ewm.f. in 
the motor. That really threw us. Because the motor turns the 
magnetic field produces a current back, or back e.m.f., so it's 
almost as if the motor is in equilibrium, 1 suppose, but spinning 
round. Well, that's how I pictured it. But there's something to 
do with the difference in the back-e.m.f. and the back ... Oh, 
it's still a bit hazy."
Some of those who had experienced difficulties in understand­
ing the motor principles had consulted the textbooks and had been 
disappointed by what they regarded as inadequate explanatory 
illustrations. "Khoda" told me:
"They all seemed very complicated, and they didn't seem 
to have that many illustrations."
I. What lire re your particular difficulties?
S. Well, things like eddy currents, and stuff like that.
You just seem to have to accept that that sort of thing happens 
in a motor. It's very difficult. I think I switched off when 
I got to that sort of thing. I thought I would get by without 
learning it. I could survive on other things."
f
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D I S C U S S I O N
The proportion of students who have not mastered the 
principles of induction at the start of their Higher Education 
courses are undoubtedly at a considerable disadvantage: The
principles which they have neglected to study will constantly 
be forced upon their attention during the study of electromagnet­
ism, electronics and power engineering, wave transmission and 
reception, and much else. The more perceptive of those ill- 
equipped on entry to their courses realize that they must read 
deeply in the textbooks. Conversation with those who were active 
in this provides confirmation that the information is available 
in the standard school textbooks, and it is to those that they 
go for study, rather than the first-year university texts which 
they feel rarely offer sufficient guidance and sufficient space 
to simple A.C. inductive circuits and their properties.
■For those students who recognize their weakness in under­
standing the principles of motors and generators, it could be 
very much to their advantage if they were advised to examine a 
number of alternative textbooks to choose those which offer the 
”VisualizersM or '’Mathematics" the more appropriate expositions.
They should not neglect to dip into the older textbooks which can 
still provide valuable guidance. "Visualizers" might respond 
best to some revision of theoretical principles gained by reading 
Sylvanus P. Thompson’s Elementary Lessons in Electricity, followed 
by the more advanced exposition in the same author’s JDynamo Electric 
Machinery (l88*f), which has the interesting feature of a good 
historical summary of the achievements of the pioneers, including 
Lord' Kelvin, Maxwell, and Hertz, and avery sound treatment of the
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Lead/Lag principles which often perplex beginning engineering students. 
Those of the "Mathematic" tendency would probably feel more comfortable 
in studying fundamental principles from J.A. Fleming's The Alternate 
Current Transformer (1889)®
USE OF TEXTBOOKS
*k 66 During the interviews the Physics and Engineering students spoke 
freely about their use or neglect of the redommended school textbooks.
Many of them felt that they had not taken full advantage of those texts.
Some had wisely retained their A-level books and had subsequently 
realized their worth. Not infrequently they expressed a wish that 
their teachers had firmly specified particular chapters in preparation 
for theoretical classroom discussion or laboratory experiments. This, 
however was a consideration in retrospect, for they acknowledged that 
the attitude of most of their fellow-pupils had been to avoid anything 
but obligatory reading. Some spoke of the respected standard textbooks, 
like Nelkon and Parker being regarded as "hard to read," and even 
frightening to some who entertained the misconception that they were 
expected to absorb and become familiar with the book's total contents.
Nelkon and Parker's textbooks (the particular edition of their comprehen­
sive texts being rarely remembered by title) were held in particular respect, 
and continued to prove useful for revision during the first two terms 
of their Higher Education courses. A minority of those who had used the 
textbooks complained of the "dryness" of the presentation, and expressed 
a preference for the more direct, "chatty" style employed ^y Tom Duncan, 
or the less demanding works of Roger Muncaster.
Some of the students with a strong "Visualizer" bias expressed a 
preference for a particular textbook on the strength of the illustrations 
and the ease of reading the typescript. One student told me: "I got a
lot out of Nelkon, but I'm critical of the illustrations." When asked why,
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he replied: "Small diagrams, small printing, everything packed
into hundreds of pages, far more than you need for A-level...but, 
it's a nice hook to have: I go back to it because I missed this
or that in a particular section."
Another book which students mentioned frequently and with 
approval was Tom Duncan's Advanced Physics: Fields, Waves and Atoms
(1983)- It was relied upon by a number who had done well in the 
university entrance examinations, and was regarded as being partic­
ularly helpful in its treatment of capacitance. It, too, was still 
being consulted by students interviewed, some of whom also spoke 
highly of the same author's Science for Today and Tomorrow (1983)•
One Engineering student explained to me her reason for keeping Tom 
Duncan's books beside her at university: "Some bits are very good.
I find it useful now, for basic things. You see, our textbooks 
seem to be one step ahead - I mean the university ones - they don't 
tell you the simple things. It's nice to go back to A-level, where 
he tells you, *JThis does this, and that does that* - the others 
skip over it."
Electrical Technology« by Edward Hughes (now in its 5th edition, 
1977), & much-recommonded text, was well known to all the Engineering 
students, and held in considerable esteem by them. Some of the newer 
students expressed the opinion that this book is "too mathematical", 
and chose to augment or replace it with Electricity and Magnetism 
by W.J. Duffin (3rd edition, 1980). Duffin was held in equal favour 
by the first and second term Physics students, who regarded the text 
as providing a smooth transition from A-level school electromagnetic 
studies.
I gathered from the interviewees that they seldom commented, 
critically or otherwise to their tutors on the subject of the text­
books which they used, although it is clear from their conversation
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that often they considered that they were not well served by the 
recommended te'xts. The complaint of "excessive preoccupation with 
maths" was not limited to the Engineering students, but was expressed 
by several Physics undergraduates. Such persons were usually "Visualizers" 
by my classification.
An example of such comments came from "John", a first term university 
Physics student:
Extract No. 136
S. The textbooks we use are intensely mathematical.
I. Which do you use?
S. I've got three: Bleaney and Bleaney, Lorrain and Corson (Electro­
magnetic Fields and Waves. 2nd edition, 1980, Paul Lorrain and Dale Corson), 
which is also highly mathematical and very complex, and I have got Duffin, 
which I think is slightly better. Most people follow the recommended -texts, 
but most also have got Duffin. Another thing: examination questions are
very mathematical. The exam, questions are really oriented towards a 
mathematical textbook. This doesn't suit me. They are sort of asking you 
to work out something rather than try to explain something.
I. You say "too mathematical", could you expand a little?
S. I find that I generally can do all the mathematics I need, but I
fall down on the initial theory. I criticise the use of 'Maxwell's 
Equations'. I just wanted to know what they are and what they represented, 
and what they are used for - but I got a complex mathematical approach 
instead.
"James", a "Visualiser" reading Physics was particularly responsive 
to textbook illustrations. He commented:
Extract No. 137
"Lorrain and Corson's Electromagnetic Fields and Waves has very 
good and helpful illustrations, which remind me of Duncan's books. Whereas 
pathetic little Duffin here, his illustrations are really terrible. Duffin 
suffers through his illustrations, and frequently it has little to do with 
the surrounding text. You shouldn't have to keep swapping backwards and 
forwards across pages for the appropriate illustrations because the print­
ers can't typeset properly.
Another recently arrived Physics undergraduate explained her personal 
preference on the grounds of clarity and of ease of reference:
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f,I use Duffin's Electricity and Magnetism: it's good for 
finding things. It gives things the way you can understand - 
say, about discharges and things. If they are complicated 
problems, I often have to use Lorrain and Corson. But I dislike 
it. I hate it. It jumps in all the proofs. It assumes you 
are really clever."
"Janice", a first term Physics student, told me that she 
keeps Tom Duncan's Advanced Physics beside her, and consults 
it from time to time:
Extract No. 138
"I like books which have lots of worked examples. Duffin 
doesn't have those worked examples."
She also consulted Nelkon and Parker, partly on account 
of the worked examples offered, but also because:
"I understand it. It presents things in an interesting 
way. I look back to it and think, 'This is pretty familiar.' 
Bleaney and Bleaney could do with more examples and more 
pictures. For instance, their explanation of electrostatics is 
a bit obscure because you can't relate to it. If you learn some­
thing, you like to know how it affects the world. It's for that 
reason that I like Feyneman's lectures." (Lectures on Physics, 
(1972) Richard P. Feyneman.)
DISCUSSION
The students knew that their electrical education would 
result from the accumulation of knowledge gained from lectures 
personal study and the exchange of information among their 
colleagues, supplemented bjy the teachers' prepared-notes and 
practicáis in the laboratory. According to their inclinations 
and their response to the instruction offered, they generally 
applied themselves with particular energy to one of these 
sources of information. Those of independent habits largely 
educated themselves through reading in the libraries, and 
regarded the lectures and laboratory work as secondary activ­
ities , which might, if circumstances i^ ere favourable, provide 
useful supplementary knowledge. A substantial proportion of 
the rest combined the minimum of reading in the recommended 
texts with a great deal of exchange of technical knowledge 
among themselves.
A smaller number of practical-minded individuals aimed 
at gaining most of their knowledge and experience through 
laboratory experiment, supplemented by technical reading.
These people were found at polytechnics and those universities 
which emphasized a comprehensive technical education, rather 
than at those institutions where there was a long tradition of 
academic endeavour.
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THE READING OF ELECTRONIC HOBBY MAGAZINES
4,67 Most of the electronic constructors continued to read hobby 
magazines during their Engineering or Physics courses. Only a few 
of the other students began reading them during their Higher Education,
Among the first group it was generally the case that their maturing 
tastes led them on to professional, or semi-professional electronic 
journals, but they retained an interest in the hobby magazines, and 
from time to time built circuits from their designs, A few of those 
interviewed told me that they had obtained helpful material related 
to thair studies from the pages of these publications.
•’David11, a first year Electrical Engineer, told me:
Extract No. 139
S. I read quite a few magazines,
I. Which are they?
S. Wireless World, Electrical Engineer, they are quite useful, though
some of the concepts are too advanced.
I. Have your taken circuits from them for your own use?
S. Yes, I've made a pre-amplifier and an amplifier.
A few of those who were enthusiastic electrical constructors felt 
the pressure of work so great as to exclude recreational building of projects 
during their first two terms at university/polytechnic courses. Nevertheless, 
they believed this was only a temporary interruption, and intended to return 
to their hobby and their magazine reading. Most expressed something of the 
benefit they received from those publications.
y$>
"Dennis”» beginning a Physics course at university said:
”1 used to read Hobby Electronics and Electronics International. 
I really used to enjoy reading how these circuits worked, because 
it was like a secret unfolding.”
Those who had recognized the continuing usefulness! : of hobby 
magazines were happy to speak about the projects they had built, 
and to give credit to the sources* "Fred”, nearing the end of his 
first year on a university Engineering course, told me:
Extract No. 1**0
S. I soak up small amounts of information from them.
I. Which do you read?
S. Practical Electronics and Everyday Electronics. I’ve made
quite a few little things from them, like a Time-controller, and 
a syren; and, something X could never understand at school, an 
oscillator.
A number of the constructors told me that their interests had 
recently turned to the study and operation of home computers, and 
as a result their magazine projects had mostly been from that large 
range of publications which now flood the magazine shops. They 
continued to "dip into" the hobby electronics magazines.
A considerable proportion of the students exhibited indifference 
to the interest and practical advantages offered by the electrical 
publications available in their own laboratories. A typical reply 
to my inquiry if electrical magazines were read, is that given by 
a first term Physics student: "I haven’t yet. They've quite a 
lot of magazines in the lab. I suppose I might look at them: but 
I'm very busy at present"
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Another student believed that electrical magazines in the 
laboratory (v/hich he had not examined) would be "too complex" or . 
of value only "to those with that sort of hobby", A few acknowledged 
that "there might be something useful in them", and resolved to 
examine them at some unspecified time in the future.
J)kO
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While many students acknowledged that the laboratory 
experiments were essential to their courses, and of value to 
them personally in the acquisition of experience gained under 
conditions of professional supervision, a large proportion of 
those interviewed gave vent to complaint, ranging from mild 
dissatisfaction to extreme criticism. They expressed feelings 
of malcontent on the ground that large amounts of time were 
spent in carrying out prescribed measurements, tests, and 
mathematical operations which rev/arded them with little new 
scientific information.
With other students, the principal complaint was that 
practical work was over-extended in time, and that their 
pov/ers of concentration had diminished severely before the 
end of their laboratory session. Some recent arrivals spoke 
of feeling "under pressure" throughout the whole of their 
long meetings. Those who had little experience of practical 
electrical activity entertained much anxiety about their 
ignorance in handling equipment, and their lack of familiarity 
with the components, and believed that they were being rushed 
through experiments without pause for reflection. Others 
among the inexperienced in electrical circuits told me that 
they wished very much to have more introductory commentary 
and explanation of the phenomena involved in experiments. Some
The Experience of Practical Work
3*5-1
realized that a considerable degree of personal exploration was 
intended at each stage, but even they expressed a hankering after 
more guidance than they generally received.
A frequent complaint was that practical experiment was being 
prescribed in advance of the particular topics being discussed in 
lectures or tutorials. Some interviewed told me that they would 
not object to undertaking practicáis in an area not yet covered 
by lectures if they had adequate guidance in preparing some private 
reading, but that no recommendation to chapter and verse of any 
textbook was given, and the laboratory notes supplied to them were 
not theoretical in nature, but limited to the actual manipulation 
of the instruments and components to be used. In consequence, 
doing the experiments without advance preparation brought them 
little benefit in the course of much expenditure of time.
^.69 A considerable proportion of both Engineering and Physics 
students at each institution visited spoke to me of their difficulty 
in interpreting circuit diagrams. Although all their laboratory 
experimentst and private reading involve the use of theoretical 
circuit diagrams, few of the students appeared to possess any 
fluency in reading them. They themselves were aware of this, and 
there is evidence that some of the misunderstandings and inefficient 
learning in the laboratory is due to this lack of skill. One first 
term student summed it up by pointing to the circuit diagram in front 
of her and her laboratory partner: nWe don’t really understand much
of what it represents.”
The students at each institution consistently commented on the 
helpfulness-;of the demonstrators in the laboratory, yet there seemed 
often to be a reluctance to take advantage of their services, or to 
seek theoretical information from the tutors. I sensed that much
3^2
of dissatisfaction among the complainants was due to an unwillingness 
to admit, or exhibit, ignorance of basic principles to their instructors»
A first year Engineering student tried to express this when talking about 
an apparent lack of connection between the course theory and practicáis:
Extract No, l*fl
S. We spend quite a lot of time here doing practicáis, but they 
never seem to be ... I don’t know ... nobody enjoys the practicáis 
as much as you would expect,
I, Can you say why?
S. Well, the pressure doesn’t help- There's always a time limit.
You have to rush things a bit- I suppose you don't always know exactly 
what’ you are doing. You follow the method laid down.
Some have carried with them unpleasant memories of school practicáis 
and find it very difficult to adjust to the more extended laboratory 
work at university. One girl in her first term had rejected the practical 
work almost immediately.
S. It’s a complete bore- I’m going to miss out as much as I can.
I. Why do you so dislike it?
S, Well I just don't - it was awful at school, and it's rushed
here- I'll just do as little as possible. I'll just write up what's
needed, and read what I must. I'll get by.
Another Engineering student who had not had the benefit of prior 
instruction which pleased him at school, believed that he could gain 
little from the practical work at university: "I reckon they are a
t
bit silly - they don't serve a great deal of purpose- They don't do 
me much good. This sudden leap into electronics. None of it means 
much to me." 
k .70
Criticism of Laboratory Practice
Some university students spoke of being thrust into an electronics 
course without previous experience, other than a few brief introductory 
statements about the nature of the transistor operation. Those who were
3*3
not hobby constructors spoke of their confusion and the considerable 
difficulty in gathering the necessary information from the recommended 
textbooks. Even the hobbyists felt under excessive pressure, and were 
critical of the educational methods employed. One enthusiastic 
constructor, "Colin’1, offered his comments:
Extract No. 1^ 2
"I had done a lot of practical work and used a good many 
different types of transistors, inductors, capacitors, and so on - 
that was a great help. But these first year practicáis are a bit 
complicated to beginners. To start doing all sorts of networks, 
right from the beginning! It might be better to let them work with 
transistors, and capacitors, and have a look at voltages across 
resistors and so on. You see, the instruction sheets for practicáis 
really lay it out step by step: they say, "Plug in here" and "Do this",
"Put the oscilloscope over here" - it makes it very mechanical. If 
you are careful, you just go through the notes and copy what you see, 
and you haven’t gained much. It would be better if they left you 
with a whole lot of inductors, capacitors, resistors, and an oscilloscope 
and just let you try things yourself."
Some of the frustration and disappointment of a first year Physics 
student who discovered that his laboratory work was limited to the 
mechanical operations of following a set of written instructions, was 
given in the description of his laboratory activities:
Extract No. 1^ 3
"It was a case of here is a box, and here is an oscilloscope, 
get a lot of readings with it. Then, you do graphs and tables, and so on. 
There is no reason why it does what it does. I need some one to explain. 
I’d like to go into recording after this course, but if I was confronted 
with a circuit which might have broken down, I really wouldn’t know what 
do do. It dawned on me recently. It isn’t good enough.
Anothe f^irst year Physics student complained of her dissatisfaction 
with the time-consuming laboratory activities involving seemingly pointless 
measuring and writing-up of "non-meaningful experiments", and went on
to say: *'I wish we could build an amplifier, and have every single piece
explained as we put it ihu And, not just have it explained, but have a 
look at it, and put a signal across it, and see what it looks like on the 
oscilloscope,**
When a considerable proportion of students feel strongly that they 
are wasting their time in carrying out operations which benefit them little, 
there is clearly a need for reconsideration of the programme. Student 
interest, let alone enthusiasm, can not be retained under circumstances 
where a mechanical following of printed instructions is demanded, and it 
is difficult to believe that such a method can result in effective 
learning, I was assured that students do discover for themselves 
v;aysof circumventing the burden of obligatory laboratory sessions*
There would be no difficulty in confirming the widely-held belief-: that 
many of the laboratory "write-ups'* are identical.
’3*5
CIRCUIT DIAGRAM READING
.^71 Those who were not hobby electrical constructors often experienced 
considerable difficulties and embarrassment quite far into their courses 
because of awkwardness in reading ¿theoretical circuit diagrams. Scarcely 
any of these persons realized the need for this skill during their 
school days, and once they started upon their Physics or Engineering 
courses they met the situation in a variety of ways. Some attempted to 
learn something of the circuits by going back to the books formerly 
used, or to other elementary texts. Others sought help from more 
advanced students on a regular basis, and some few postponed facing 
the problem by taking the attitude that they "could scrape along well 
enough’ for the present, and would improve later." Some students had 
made an effort to study diagrams in a systematic manner, and usually, 
they had been assisted in that by their interest in following the 
circuits given in the hobby magazines. It would seem that few of the 
students had talked of this matter, even to their friends, yet they told 
me that they regretted not having received instruction in this essential 
skill•
Before showing the circuit diagram of the simple radio, I asked 
each student if he/she had received any form of instruction in diagram 
reading. The exchange with "Max", is typical of many:
I. Did any one ever show you a method for reading circuit diagrams?
S. No. Not really. Not in any useful sense. The result is that 
when I look at a large circuit, or are asked to analyse it, I don't know 
where to start.
3^6
More than one interviewee repeated the memory of one Engineering 
freshman:
"I used to see a circuit and be very frustrated. I thought 
this should be easy to work out, but I never, just never could do it.'*
There were frequent complaints that some lecturers were unaware 
that their new students found any difficulty in following circuit 
diagrams. "Rita'’, a Physics student said to me:
"The lecturers started on Electronics and circuit theory, 
started on transformers, and I found that they assumed that you 
knew about them any way, and knew how to read the circuit. I took 
the notes, and thd "hand-outs”, but I didn’t follow the lectures.
I'm trying to understand the circuits by reading something about 
them in basic books."
Students quite often found that they were being held up in 
progress because they could not properly understand the diagrams 
used in the textbooks. "Aline" confided to me:
"I have spent a lot of time trying to understand them. The 
trouble with a big circuit is that you can't understand it, so 
you’ve just got to put in all the maths and the formulas. I can 
do that, but I don't like to. I can't visualize it doing all 
these things at once."
A few students who had received some instruction in reading 
circuits had obtained that independently of their school or 
university work. A member of their family had trained them in 
the course of cooperating on some electrical project, or, more 
rarely, the person finding there was a need, had sought instruct­
ion from an electrical engineer. "Amanda", a first year Physics 
student, a "Visualizer", gave me an instance of this:
Extract No. l¥f
S. We had some electronics to do and I got panicy of that,
and I v/ent to a man I happen to know who is the founder of an 
electrical company. He set up the circuit for me, and that 
really helped.
I. He built the circuit physically?
3^7
S. Yes, so that I could see it and understand it. When you 
have only the diagram, you can't really think of it happening, 
or even understand it when they talk about it - in the textbooks, 
I mean.
Only rarely did the students mention having approached their 
teachers with problems related to circuit diagrams, and they 
appeared to have received little assistance, "Herbert", a Physics 
student, said:
Extract No. 1^ 5
11 I would like to have some sort of course showing how to 
look at circuits, because I have had difficulties. I've found 
that when you ask some one here about something, -'What does 
this circuit mean?*, they don't seem to understand that there 
is a problem: a problem in just looking at the circuit to see
what's going on. They seem to think it's very obvious - which 
it probably is - if you have enough experience,"
'3^8
RECOMMENDATIONS FOR IMPROVEMENT 
^•72
Introductory Course
At the end of each interview the student was asked for 
recommendations for changes or improvements to the courses, 
assuming the ideal situation where a "free hand" would be given 
and no financial restrictions applied. The changes should be 
such as to make their courses pleasanter and more interesting 
to people of their age, and likely to strengthen the quality of 
education they aimed for.
Most of those who talked with me had given some prior 
thought to this matter, though their opinions had been given only 
to their friends and acquaintances engaged in their own studies.
There was one suggestion which was shared by a large proportion of 
the interviewees, and that was given by students in every category 
of institution: they wished* for some form of introductory course
at the start of the first term: a means of providing a transition
from school to university levels of study. This is a strongly felt 
need presently going unsatisfied. The recommendation was put to 
me firmly by "Joy", reading Physics at University.
Extract No. 1A6
"I think there is a need of a lot more introduction when you 
first come up. There is an assumption that you have had adequate 
prepartion at School. The thing is, you come from different 
schools and you have done it at different boards. It's assumed 
that you have common knowledge, but some are better off and some 
are worse off than others. The people who are worse off suffer.
A slow introduction is necessary so that you really understand the 
basics - later, I would want a lot more explanation, and less maths.
Another beginning Physics student said:
"Things are stacked against people who have deficiencies. Those who
haven't quite grasped the principles have to go to a higher level 
without the benefit from a revision course,"
Many of those who wished for an introductory revision course 
specifically mentioned the need for instruction in Electronics,
"We were thrown in at the deep end" said one engineer, "What we 
spent months over at school was cc yered in one lecture, then they 
would go on from there as if every one was able to follow them.
What happened was that some just got lost,"
The requests for revision were extended to practical work: 
many of those who had the minimum of laboratory experience allowed 
to them at school, and had handled few instruments and components, 
felt strongly that they should be given assistance at the first 
few weeks. As one student put it to me: "There should be a couple
of weeks doing basic things in the labs. But they assume you know 
it already, and they rush on. The lectures should be synchronized 
with the practicáis.
Practical Work
Many of the students'complaints and recommendations related 
to their laboratory work. At various times it was put to me that 
often students were not fully aware of the purpose and significance 
of their experiments, and the more conscientious and thoughtful 
felt a dissatisfaction in working throughout the year's duration 
without being able to see the plan and purpose of their activities. 
Several students said that they would appreciate receiving a 
calendar of the whole year's work in the laboratory, accompanied 
by information which cross-linked the experiments with the theoret­
ical material offered in lectures. One student of Physics said:
f
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" I  would l ik e  to  know why we are  being given p a r t ic u la r  
experim ents, why some th in g s need to  be remembered. I t  r e a l ly  
helps i f  you know what use th ings can b e . I t ’s a problem when 
you don’t  see the use of what you are  doing, but i f  you do, i t  
gives you confidence fo r what’s n e x t .”
*U73
Demonstration and In s tru c tio n  Required: Motors and G enerators
Several who had l i t t l e  e le c t r i c a l  constru ctio n  experience 
suggested th a t they and o thers would b e n e f it from extended 
dem onstrations accompanied by explanatory  commentary. One 
beginning Engineer, "B elinda” , a  "V isu a lise r" , gave me an 
example o f what she had in  mind. She wished to  see a generato r 
dism antled in  fro n t o f her by an in s tru c to r  who would give a 
running commentary as the work progressed:
E x trac t No. 1^7
"With something l ik e  a generator or dynamo, the diagrams 
in  a textbook are  a l l  very w ell, bu t they tend to  show you p a rt 
only: some of the components, l ik e  the c o il moving between the
magnets; bu t then they tend to  go on to  much more d e ta ile d  
d e sc rip tio n s  o f w hat's  happening and you can’t  r e a l ly  follow 
th a t  very w e ll. I  mean you can’t  e n t i r e ly  imagine a l l  the 
component p a r ts .  I  can remember a t  A -level the teacher went 
through a ra th e r  d e ta i le d  d e sc rip tio n  of the motor, and I  ju s t  
couldn’t  follow  i t . "
Another s tuden t expressed a comparable recommendation 
when she sa id :
"The fa c t  i s  th a t  I  haven’t  r e a l ly  examined motors and 
generato rs in  a c tio n . I t  would be in te re s t in g  to  have more 
p ra c tic a l  exam inations. The troub le  with p ra c t ic á is  i s  th a t  
although you are  encouraged to  th in k  about the theory  o f i t ,  
i t ' s  very easy to  go through a l l  the p ra c t ic á is  w ithout ever
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a c tu a lly  working out the theory  and seeing  where i t  a l l  t i e s  in  
w ith the course work."
A p lea fo r more inform ation about the physical functions 
was made by "John", a Physics s tu d en t and a "V isu a lize r" :
E x trac t No. 1*4-8
"I wish the i n i t i a l  emphasis was on what i s  a c tu a lly  happen­
ing , then perhaps they could exp lain  how to  work i t  out mathemat­
ic a l ly .  I ’d have p ra c t ic á is  where c i r c u i ts  were analysed, explained, 
and commented upon, then the mathematics ap p lied . For example: 
there  was one problem I  was doing l a s t  week; now, i f  they had 
s ta r te d  o ff  by saying 'The waves a re  a tten u ated  when i t  goes in to  
copper b u t, they d id n 't  s t a r t  th a t  way. They s ta r te d  o ff
w ith wave eq u a tio n s."
4.7^
C ritic ism  of Excessive Theory and A bstract Mathematics
Students a t  one u n iv e rs ity  complained freq u en tly  about an 
excess of th e o re t ic a l  d iscu ssio n  and a b s tra c t mathematics, and 
recommended more a t te n tio n  to  the p ra c t ic a l  and " r e a l - l i f e "  
aspects  of th e i r  studies«. Even the le a s t  experienced o f the 
undergraduates f e l t  th a t  v/hat they were being o ffered  was 
undoubtedly "academic" and remote from the p ro fessions which 
they proposed to  e n te r . One Engineering Science s tu d en t put 
i t  in  th is  way:
" I  would IJ.ike to  see more p ra c tic a l  emphasis. I  fe e l  th a t  
i t ' s  probably tru e  o f a l l  the courses here , the emphasis i s  very 
very th e o re t ic a l ,  e sp e c ia lly  in  something l ik e  Engineering. I f  you 
go in to  Engineering, i t  i s  e s s e n t ia l ly  p ra c t ic a l .  I  th in k  i t ' s  
wrong th a t we a r e n 't  doing more p ra c tic a l  work. Therè i s  a b ia s  
among academic people th a t  you d o n 't get your hands d i r ty ."
Several s tuden ts  suggested a reo rg an iza tio n  of th e i r  prog­
rammes of study so th a t  th e re  was a  t ig h te r  synchron ization  of
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le c tu re s ,  p ra c t ic á is ,  and tu to r i a l s .  They f e l t  th a t  when 
t r e a t in g  o f p a r t ic u la r  to p ic s , each a c t iv i ty  was u n n a tu ra lly  
iso la te d  by in te rv a ls  of tim e. Most re a liz e d  th a t  teaching  *,■* 
conditions were fa r  from id e a l ,  and th a t  the numbers o f 
s tu d en ts  undertaking Science s tu d ie s  presented tim etab le  
problems which could not e a s i ly  be reso lved . However, some 
changes were suggested to  overcome unnecessary o b stac les  to  
th e i r  p ro g ress. One Physics undergraduate sa id :
’’I 'd  t r y  to  arrange i t  so th a t we had le c tu re s ,  p ra c t ic á is ,  
and tu to r ia l s  in  the r ig h t  o rd e r. I  am w ritin g  up p ra c tic á is  
w ithout having had tu to r i a l s ,  and honestly , I  d o n 't  know w hat's  
going on. The theory  h a s n 't  caught up w ith the p r a c t ic á i s .”
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There were many c a l l s  fo r improved tu to r ia l  f a c i l i t i e s .  
Almost a l l  the s tu d en ts  app recia ted  the p o te n tia l advantages 
o f having the c lose  a t te n t io n  of a teacher» s in g ly  or in  sm all 
groups, bu t i t  was f e l t  th a t  tu to r s  were not always tru ly  
sym pathetic to  the le a rn in g  d i f f i c u l t i e s  which "o rd inary  people, 
not those b r i l l i a n t  types" encountered, I f  conditions could 
allow  i t ,  most s tu d en ts  would g lad ly  a tten d  more tu to r ia ls  than 
they received , but they would wish those tu to r ia ls  to  be more 
c lo se ly  connected w ith the  work they were studying a t  any given 
week of th e i r  courses. The newer s tu d en ts  tended to  s tand , in  
some degree, in  awe o f the tu to r ,  and not to rev ea l the tru e  
s ta te  of th e i r  d i f f i c u l t i e s  or m isunderstandings fo r fe a r  of 
being scorned as an ignoramus. Most wished fo r a measure of 
in fo rm ality  so th a t  they could be more open w ith the person 
who was to  guide them through th e i r  course. One recen t a r r iv a l  
put i t :
"The troub le  about tu to r ia l s  i s  th a t  I  d o n 't  ge t the 
questions answered. I f  you ask something very simple they 
d o n 't seem to  understand . I  do have mental blocks over some 
simple th in g s . My tu to r  d o e sn 't seem to understand th a t .  He 
seems to  have fo rg o tten  th a t  th e re  can be any d i f f i c u l ty ."
At one u n iv e rs ity  th e re  were frequen t recommendations 
fo r an improved in s tru c t io n  programme in  e le c tro n ic s , and the 
tu to r ia l  system was p a r t ic u la r ly  instanced  as being un h e lp fu l.
A second year Physics s tu d en t, looking back on the previous 
y e a r 's  work to ld  me:
^•75
Criticism of Tutorials
"I got the fe e lin g  th a t our tu to rs  d id n 't  a c tu a lly  know 
much about e le c tro n ic s  them selves. I  may be wrong in  th a t ,  
bu t they d id n 't  seem to . They d id n 't  encourage us a t  a l l .
The Physics they were in te re s te d  in  was not what we g o t."
Some considerable p roportion  of the s tuden ts f e l t  th a t  much 
of th e i r  tu to r ia l  work was designed to  a s s i s t  the processing  of 
s tu d en ts  through the machinery o f the u n iv e rs ity  stystem , ra th e r  
than to  a s s i s t  them to  gain  the b e s t possib le  education . One 
seconi year Physics s tu d en t, "P eter"  gave me h is  considered opinion
E x trac t No. 1^9
"A ll the education I  have had so fa r  has been geared to 
an exam ination, not towards understanding. Knowing how to 
answer the questions i s  what seems to  m atter, ra th e r  than 
understanding something thoroughly. I  would always go fo r 
the basic  fundamental understanding , and bu ild  from th a t .  I  
th in k  more exp lanation  o f E le c tr ic a l  and Magnetic f ie ld s  i s  
necessary , then afterw ards th e re  should be the a p p lic a tio n s .
I  would p re fe r  to  get a r e a l  fe e lin g  fo r what’s going on."
Almost a l l  the s tu d en ts  who were not e le c t r i c a l  hobby 
con stru c to rs  experienced some degree of d i f f ic u l ty  in  reading 
th e o re tic a l  c i r c u i t  diagrams during th e ir  f i r s t  y ear. Various 
s tu d en ts , while g iv ing  th e i r  recommendations fo r improvements 
re fe rre d  to  the d e s i r a b i l i ty  of ob ta in ing  some form of a ss is tan c e  
in  th is  s k i l l  during the e a r l i e s t  s tage  of th e i r  Engineering or 
Physics degree s tu d ie s . Some wish fo r th is  to  be given during 
tu to r ia l s ,  o thers  wished i t  to  be b u i l t  in to  a lab o ra to ry
induction  course, and o th ers  would have p re fe rred  the in s tru c tio n  
to  have been given during th e i r  school days. I t  was acknowledged 
th a t with p ra c tic e  fluency does come; but they re g re tte d  th a t in
3 ^
the absence o f any organized tra in in g , they were su ffe r in g  
f r u s tr a t io n  and inconvenience.
One Engineering s tu d en t, during h is  f i r s t  term sa id :
"You need to  know how to  read c i r c u i t s ,  and then you 
need to  know how to  put them to g e th e r. We ju s t  need to  
know the e s s e n tia l  d e ta i ls  of the frasic c ir c u i ts  -  what 
happens to  the inpu t and the ou tp u t. I f  you don’t  know, 
there  is  no obvious end to  what they give you, and you 
ju s t  "sw itch o f f " .  I f  you get the simple c i r c u i ts  ex p la in ­
ed, and you can understand them, you can get on to  the more 
advanced c i r c u i t s ,  from the reading  po in t of view."
Numerous o th er suggestions fo r changes to  the Physics 
and Engineering courses were o ffe red , but those were p rin c ip ­
a l ly  connected w ith in d iv id u a l preferences and in d iv id u a l modes 
of study and had l i t t l e  p o te n tia l  advantage to  the main body 
of in te rv iew ees, or were ir r e le v a n t  to  the su b jec t o f th is  
in q u iry .
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DISCUSSION
,:5 .i
The In terv iew s
I t  was the purpose of the resea rch  programme to  d iscover why 
many persons experience d i f f i c u l t i e s  in  the course o f th e i r  s tu d ie s  
o f the fundamental p r in c ip le s  o f Capacitance, Inductance, and 
Electromagnetism re la te d  to  motors and generato rs, and to  le a rn  why 
a considerable p roportion  o f those who had reached the e a r ly  s tages 
of th e i r  Higher Education re la te d  to  e l e c t r i c i ty  and e le c tro n ic s  
did not have the confidence in  th e i r  own understanding of these 
b asic  p r in c ip le s . I t  was hoped th a t  the in terv iew s w ith school 
p u p ils , vocational t ra in e e s , and those in  the f i r s t  terms of th e i r  
degree courses in  Physics and Engineering would be ab le to  provide 
inform ation which would help  to  exp lain  the weaknesses in  e le c t r i c a l  
knowledge, and d ire c t  a t te n tio n  to  the reasons fo r  le a rn e r s ’ i n i t i a l  
and continuing d i f f i c u l t i e s  w ith the basic  p r in c ip le s  chosen fo r 
in v e s t ig a tio n . I t  was conjectured  th a t  the le a r n e r s ’ problems and 
d i f f i c u l t i e s  might be connected w ith such fa c to rs  as the s tu d e n ts ' 
response to  modes o f in s tru c tio n  received  in  the classroom; o r, the 
beginners* absence of personal in te r e s t  in  the b asic  e le c t r i c a l  
p ro p e rtie s ; o r, the s tu d e n ts ' uncomfortable experience with p ra c t ic a l
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work in  the lab o ra to ry ; o r, u n su itab le  s tra te g ie s  in  coping w ith the 
study of novel phenomena; o r, inadequacies of textbook exp lanation , 
commentary, and i l l u s t r a t i o n  -  and i t  was believed th a t o ther 
o b stac les  to  e le c t r i c a l  study might be revealed . When such fa c to rs  
had been id e n tif ie d , i t  was expected th a t  u sefu l suggestions, based 
on deductions from the data obtained , and the students* personal 
recommendations fo r course improvements, could be given to  minimize 
the studen t study d i f f i c u l t i e s .
The in terv iew s w ith the d if f e r e n t  ca teg o ries  o f le a rn e rs  
provided a su b s ta n tia l  body o f personal opinion and accounts o f 
experience in  the study o f e le c t r i c a l  fundamentals which confirmed 
th a t  many lea rn in g  d i f f i c u l t i e s  could be re fe rre d  back to  the 
classroom and lab o ra to ry  m isunderstandings, and s tu d e n ts ' use or 
( n eg lec t of the recommended textbooks -  a l l  of which w ill  sh o rtly  be
discussed -  but th a t  another fa c to r  o f g rea t importance influenced  
th e i r  response to  in s tru c tio n  o ffe red , and p o te n tia lly  a s s is te d  or 
obstructed  th e i r  e le c t r i c a l  lea rn in g  a t  each stage  o f th e i r  education, 
and th a t  th is  fa c to r ,  never p rev iously  recognized, deserved ca re fu l 
co n sid era tio n .
During the in terv iew s i t  became apparent th a t  s tu d en ts  of 
e l e c t r i c i ty  freq u en tly  had what could be id e n tif ie d  as a b ias  towards 
e i th e r  a mathematic o r ie n ta tio n  (th e  "Mathematic") or a graphic
o r ie n ta tio n  (th e  " V isu a liz e r" ) , and th a t such b ias could have a j
s ig n if ic a n t  in fluence  on the s tu d e n t 's  a t t i tu d e  to  the work requ ired  
of him /her and h is  choice of textbooks and s tra te g ie s  of s tudy . In  
a few cases th is  b ia s  was very strong  indeed. I t  was found th a t the 
\ "V isua lizers"  predominated in  each category o f in terv iew ee, w ith the
exception of those reading  Pure P hysics. j
!
j
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The "Mathematic”
5.2 Those whom I  have c la s s if ie d  as ’’Mathematics” were persons of 
s tro n g  in d iv id u a li ty , who, q u ite  e a r ly  in  th e ir  school Physics s tu d ie s  
discovered th a t  th e i r  ta s te s  were not in  l in e  w ith the m ajo rity , and 
took i t  upon themselves to  follow  an approach com fortable to  th e i r  own 
mathematical in c l in a t io n s . This u su a lly  involved p riv a te  reading  of 
textbooks which th e i r  fellow  pu p ils  p re fe rred  not to  in v e s t ig a te .
A ”Mathematic” l ik e  ”Alex” (E x trac t Nos. 100-102), who found h im self 
among pup ils  follow ing the N uffie ld  Advanced Physics course, was 
obliged to  d is tance  h im self from the p ra c t ic a l ,  b a s ic a lly  non-mathemat- 
ic a l  approach, and seek h is  own in s tru c tio n  in  the more rigorous textbooks. 
While the ”Mathematic” does not n e ce ssa rily  scorn graphic i l lu s t r a t io n s ,  
they do not respond to  them w ith the same in te r e s t  or enthusiasm which 
i s  demonstrated by those of the  ’’V isu a liz in g ” b ia s , and some can dispense 
w ith them com pletely. In  the course o f conversations w ith the ’’Mathematics” 
th e i r  im p lic it  t r u s t  in  formulae and the consummate importance of equations 
i s  brought out unm istakably. Such c h a ra c te r is t ic s  are  p resen t in  the 
methods described fo r me by ”J e r ry ” (E x trac t No. IO3) and ’’Gladys”
(E x trac t No. 10*0, and govern th e i r  whole approach to  th e i r  e le c t r i c a l  
s tu d ie s .
The ”Mathematic*s” a loofness from the p ra c t ic a l  functions and 
a p p lica tio n s  of e le c t r i c a l  c i r c u i ts  predisposes such persons to  choose 
courses a t  u n iv e r s i t ie s  o f academic t r a d i t io n ,  where they are  not 
p ressu rized  to  do more than a c e r ta in  minimum of lab o ra to ry  work. In  
the Physics departments of such in s t i tu t io n s  they fin d  th a t  th e ir  
su p erio r mathamatical s k i l l s  b rin g  them to  the a t te n tio n  and favour of 
th e i r  tu to r s ,  although the superv iso rs  of the la b o ra to r ie s  are  not 
s im ila r ly  g r a t i f i e d .
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Although the numbers o f those w ith strong  "Mathematic" b ias  are 
sm all a t  school, they form an im portant c la ss  o f h igh ly  m otivated people; 
l ik e  th e ir  co n te rp a r ts , the s tro n g  "v is u a l iz e rs " , they may not be w ell 
served in  the educational system i f  th e i r  p a r t ic u la r  needs a re  not 
recognized . The h a b its  of study of the  strong  "Mathematic" may be 
shared , in  modified form, by o thers  of le s s  in tense  "Mathematic" 
tendency. These persons c u lt iv a te  a g rea t deal o f in te r e s t  in  the 
th e o re tic a l  s ide  of th e i r  e le c t r i c a l  s tu d ie s , and are  drawn to  textbooks 
(and classroom expositions) of a more a b s tra c tly  m athematical n a tu re , 
which o thers  fin d  " d i f f i c u l t " .  They u su a lly  keep company with those 
o f s im ila r  "Mathematic" in c l in a tio n s , and not in freq u en tly  in d ica te  
in  th e i r  conversation  a c e r ta in  condescension to  those not as f lu e n t 
or confident in  mathematical ex p ertese . A common c h a ra c te r is t ic  o f the 
"Mathematic" i s  to  favour the mental exerc ise  of th e o re tic a l  questions 
over the p ra c t ic a l  work. At every le v e l o f lab o ra to ry  a c t iv i ty  the 
"Mathematics" fin d  the p ra c t ic a l  experiments ted io u s ly  time-consuming, 
and the num erical record ing  o f data  unstim ula ting , and p o ssib ly  i r r i t a t ­
in g ly  sim ple. The "Mathematic" can take much p leasure  in  the a p p lic a t­
ion  o f mathematical e x p e r tise  to  e le c t r i c a l  problems, but i s  r a re ly  
more than s u p e r f ic ia l ly  in te re s te d  in  the r e a l - l i f e  uses o f the 
e le c t r i c a l  c i r c u i t s .
Those of the "Mathematic" tendency appear o ften  to  be f le x ib le ,  
and w ith the exception of the extreme "Mathematics", can make good 
use o f the same graphic a id s to  le a rn in g  which a re  more u rg en tly  
requ ired  by the "V isu a liz e rs ."  The "Mathematics" may o b ta in  the 
b e n e f it  o f c la r i f ic a t io n  from textbook drawings, and be guided by 
block and p ic to r ia l  diagrams to  grasp the lay -o u t o f p a r t ic u la r
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Groupings of components. In  conversation  with me, "Mathematics" 
have mentioned in s tan ces  of borrowing p ic to r ia l  a id s to  c la r i f y  a 
concept: one s tuden t was enabled to  re a l iz e  the nature  o f d i s t r ib u t ­
ed capacitance in  a l in e  by imagining a s e r ie s  of separa ted  m iniature 
cap ac ito rs  s tru n g  along i t 5 another found i t  convenient to  v isu a liz e , 
in  dynamic form, the physica l expansion and co n trac tio n  o f the 
propagation of electrom agnetic  waves as given in  the textbook 
i l lu s t r a t io n s ,  N evertheless, the "M ath em atics* fam ilia rity  w ith 
formulae and the mathematical re la tio n sh ip s  of e le c t r i c a l  fu n c tio n s , 
make them much le s s  dependent on imagery than the "V isu a liz e rs" •
Given the opportun ity , such people p re fe r  to  apply the in te l le c tu a l ,  
a b s tr a c t ,  n o n -p rac tic a l approach. There is  u su a lly  l i t t l e  pressure 
on the "Mathematics" to  modify th e i r  tendencies, fo r  most of the 
th e o re tic a l  textbook d iscussions emphasize a mathematical approach, 
and, from the accounts o f the in terv iew ees, much of the classroom 
in s tru c tio n  i s  deeply in fluenced  by the standard  tex tbooks.
The "V isualizer"
The "V isua lizer"  dem onstrates a b ias  towards mental imagery 
which i s  both s tro n g  and co n s is te n t throughout th e i r  e le c t r i c a l  
education . There i s  reason to  be lieve  th a t  in  the schools there  
a re  la rg e  numbers o f "V isu a lize rs"  who could b e n e f it from educational 
methods adapted to  th e i r  p a r t ic u la r  requirem ents. I t  i s  probable 
th a t i f  teachers could id e n tify  those among th e i r  pu p ils  who are  
"V isu a lize rs" , they could in troduce more graphic imagery which 
would m a te ria lly  a s s i s t  th a t  c la ss  o f s tuden t who experiences a 
need to  form very many "mental p ic tu re s"  in  the course of b u ild in g  
up an understanding of e le c t r i c a l  fundam entals. I t  i s  c le a r  from
conversations w ith the in terv iew ees th a t  a t  p resen t th is  
requirem ent i s  seldom g r a t i f i e d .  The emphasis of much 
classroom in s tru c tio n  i s  on th e o re t ic a l ,  u su a lly  s tro n g ly  
mathematical p re sen ta tio n  which can be uncomfortable fo r  
some "V isu a lize rs"  and d iscouraging  to  others* Students 
o f th is  category who sought a ss is tan c e  from standard  te x t ­
books were o ften  d isappoin ted  to  find  le s s  support from 
diagrams and o ther i l lu s t r a t io n s  than they had hoped, 
and working w ith books which were not designed fo r th e ir  
tendency, they found i t  d i f f i c u l t  to  e x tra c t the requ ired  
in form ation . Moreover, the lea rn in g  a id s  which are o f 
the g re a te s t advantage to  the "V isu a lize r" , such as 
working models rep resen tin g  fundamental e le c t r i c a l  prop­
e r t i e s ,  O scilloscopes, c in e - and v id eo -casse tte  film s, 
a re  much under-employed.
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5 .V
The Vocational S tudent "V isu a lize rs"
I t  was in te re s t in g  to  note th a t  none of the vocational 
studen ts  appeared to  have a "Mathematic" b ia s , and th a t 
most of them in d ica ted  "V isu a lize r"  tendencies. Few of 
those a tten d in g  tech n ica l in s t i tu t io n s  had done w ell a t  
mathematics when a t  schoo l. By d ire c tio n , and personal 
in c lin a t io n , they had moved in to  an occupation fo r which 
they appeared to  have a p ti tu d e . The vocational e le c t r i c a l  
courses emphasize the connections between fundamental 
p r in c ip le s  and th e i r  a p p lic a tio n  to  common fu n c tio n a l 
products, and they concentrate  the s tu d en ts ' a t te n tio n  
and energy upon p ra c t ic a l  work, ra th e r  than urge a  high 
degree of f a m ilia r i ty  w ith mathematical theory . These 
s tu d e n ts ' normal mode o f in s tru c tio n , a t  the servicem an's 
work-bench and a t  te ch n ica l co lleg e , i s  heav ily  dependent 
on the p r in c ip le s  of observation  and im ita tio n  of the 
s p e c ia l i s t  craftsm an, seem w ell su ite d  to  the tendencies 
o f the "V isu a liz e r ."
The "V isu a lize rs"  are rewarded by the success of th e i r  study 
h a b its , so they apply mental imagery as a f i r s t  s te p  in  almost 
every e le c t r i c a l  in v e s t ig a tio n . This i s  c le a r ly  described  by "John” 
(E x trac t No. 112 ) ,  who requ ired  v isu a l , t a c t i l e ,  and graphic confirm ­
a tio n  of what he had been taught in  theory . Their b ias  freq u en tly  
guides them to  a p a r t ic u la r  type o f heav ily  i l l u s t r a t e d  textbook, 
as in  the case of "Max'1 (E x trac t No. 113)i who favoured the 
3~dimensional i l lu s t r a t io n s  o ften  used in  American tex tbooks. Such 
textbooks a re  r a re ly  approved or recommended in  t r a d i t io n a l  Higher 
Education cou rses. The "V isu a lize r"  may be somewhat su sp ic ious of 
mathematical formulae or mathematical proofs as o ffered  in  the 
recommended textbooks, or given in  th e o re tic a l  work in  the classroom . 
Some of the r,V isu a lize rsM f e l t  s tro n g ly  th a t they were exposed to  an 
excess of mathematical preoccupation, and even be liev ed , l ik e MLouisM 
(E x trac t No. 115)» th a t th e i r  "V isua lizer"  approach allowed them to  
avoid e rro rs  and i r a p ra c t ic a l i t ie s .
Those s tuden ts  who began to  read fo r Engineering or Physics 
degrees a re  confronted w ith more serio u s  problems than those which 
they experienced a t  schoo l. Few of the le c tu re s ,  and l i t t l e  of the 
lab o ra to ry  work, i s  l ik e ly  to  appeal to  th e ir  in c lin a tio n  to  s t r e s s  
the graphic ra th e r  than the m athematical approach to  th e i r  s tu d ie s . 
A ll have to  accommodate themselves considerably  when jo in in g  those 
in s t i tu t io n s  where th e re  i s  a rigo rous mathematical approach to  the 
work. The beginning Engineers among them are  only s l ig h t ly  le s s  
uncomfortable on account o f having la rg e r  numbers of s im ila r  d ispos­
i t io n  working to g e th e r.
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5.5
The "Visualizer^s11 Need for Graphic Images
The accounts of the  in terv iew ees o f the "V isualizier" c la ss  
in d ic a te  th a t as they progress on th e i r  Higher Education courses 
they can develop a f l e x ib i l i t y ,  even a v e r s a t i le  approach, under 
the ex igencies of degree s tu d ie s  in  Physics or Engineering, While 
the "V isua lizer"  finds i t  more d i f f i c u l t ,  he a ttem pts, whenever 
p o ss ib le , to  c a l l  up "mental images" to  c la r i fy  concepts. However, 
some o f the phenomena are  so remote from common experience th a t 
i t  becomes le s s  troublesome to  accept the mental shorthand of 
mathematical formulae fo r a l l  course work. This i s  explained by 
"James" (E x trac t No. 110), y e t i t  i s  c le a r  from the comments 
made to  me th a t  th e i r  underly ing  d e s ire  i s  fo r a  graphic form when- 
ever th a t  i s  o b ta in ab le .
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5 .6  The research  programme was organized to  ob ta in  inform ation la rg e ly  
o f a q u a l i ta t iv e , ra th e r  than an q u a n tita tiv e  n a tu re , n ev e rth e le ss , 
some estim ation  o f the numbers of s tu d en ts  possessing an unmistakable 
"Mathematic" or "V isua lizer"  tendency was possible* Of the JO school 
p u p ils  in terview ed, two demonstrated s tro n g  "Mathematic" c h a ra c te r is t ic s  
and four demonstrated s tro n g  "V isua lizar"  c h a ra c te r is t ic s ;  o f the 
rem ainder, the m ajo rity  appeared to  have "V isua lizar"  tendencies in  
varying degrees* With the poly technic and u n iv e rs ity  s tu d en ts  read ing  
fo r  Physics and Engineering degrees, th e re  was a h igher p roportion  of 
"Mathematics" to  "V isu a liz e r" , which was expected because the en try  
q u a lif ic a tio n s  had e ffe c ted  a p r io r  s e le c t io n . Among 50 reading  fo r 
Physics degrees, f iv e  were very s tro n g  "Mathematics" and a t  l e a s t  
another 3° could be c lassed  as "Mathematics" in  varying degrees.
Strong "V isu a lize rs"  were a lso  found studying Physics: two dem onstrat­
ed pronounced graphic tendenc ies, bu t they had learned  to  accommodate 
themselves to  the mathematical r ig o u r o f th e ir  courses.
Of the 40 Engineering degree s tuden ts  in terv iew ed, s ix  dem onstrat­
ed themselves as s tro n g  "V isu a liz e rs" , and a m ajo rity  o f the remainder 
appeared to  share th is  tendency in  varying degrees. No very s tro n g  
"Mathematic" was id e n tif ie d  studying  Engineering.
Of the 40 vocational s tu d en ts  in terview ed, four could be id e n tif ie d  
as s tro n g  "V isu a liz e rs" . D iscussions w ith the o thers  in d ica ted  a b ias  
towards the same approach in  most c ase s . No strong  "Mathematic" charact 
e r i s t i c s  were observed among any of the vocational s tu d en ts  (and none 
in d ica ted  any mathematical in t e r e s t s . )
The Distribution of "Visualizers" and "Mathematics1*
This research  programme could not undertake an inq u iry  which 
might e s ta b lis h  whether the "Mathematic" and "V isua lizer"  tendencies 
were innate  to  the in d iv id u a ls  who possessed them, or acquired through 
environmental circum stances. The age and experience o f the in terv iew ees 
were such th a t  th e i r  tendencies were a lready  w ell e s ta b lish e d , and those 
tendencies seemed "n a tu ra l"  to  them. I t  i s  probable th a t  the s tro n g e s t 
"Mathematics" and "V isu a lize rs"  may have received  an in h e rite d  g i f t  
which accelerated^ and eased the acquirement o f mathematical ex p ertise  
or v isu a l imagery; and, in  many cases the ea rly  childhood environment 
of such persons may have been such as to  encourage and reward th e ir  
endeavours, confirm ing them in  h a b its  of thought which could subsequ­
e n tly  be id e n tif ie d  as those of a "Mathematic" or "V isu a liz e r" .
Those persons of le s s  pronounced tendency could have developed 
th e i r  h ab its  o f thought and study under the in fluence  of the teaching 
they were given; the guidance o ffe red  by paren ts or o lder members 
of th e ir  fam ily; and experiences of p leasure or d is s a t is f a c t io n  in  
pursuing mathematical or v isu a l a c t i v i t i e s  a t  school and a t  home; 
and numerous o ther environm ental circum stances upon which i t  i s  
only p o ssib le  to  sp ec u la te . I t  i s  c le a r  th a t the pu p ils  acquired , 
or f i r s t  dem onstrated, th e i r  tendencies qu ite  e a r ly  ill the course 
o f th e ir  school education , and th a t  by the time they undertook 
A -level Science s tu d ie s , th e i r  h a b its  were soundly e s ta b lish e d .
A research  programme could be designed fo r the purpose of 
lea rn in g  how fa r ,  i f  a t  a l l ,  the tendencies o f the "Mathematic" 
and the "V isua lizer"  a re  in n a te , or acquired by environmental 
in flu en ces . I  be liev e  th a t i f  i t  were ca rried  out w ith thorough­
ness i t  would produce inform ation o f m ate ria l a ss is tan c e  to  
educato rs. Such resea rch  would req u ire  much s t a t i s t i c a l  data 
obtained from ch ild ren  in  primary schools, and id e a lly  would 
follow  those in d iv id u a l through to  the beginning of th e i r  secondary 
education .
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5 .7  In  the course of resea rch  to  id e n tify  the reasons fo r  the 
d i f f i c u l t i e s  which le a rn e rs  have w ith the study of capacitance, 
the in terv iew s w ith school pu p ils  revealed  th a t many o f them had 
a very u n certa in  grasp of the concept o f capacitance; o ften  i t  was 
l i t t l e  more than a s l ig h t  acquaintance with the cap ac itiv e  c i r c u i ts  
given in  th e i r  classroom notes or the textbook used, so th a t  the 
phenomenon could not be asso c ia ted  w ith anything o ther than the 
component, the cap ac ito r shown there# Both the school p u p ils  and 
those newly a rriv e d  a t  u n iv e rs ity  or po ly tecyn ic ,who rem inisced 
about th e i r  s tu d ie s , agreed th a t the classroom in s tru c tio n  regard ­
ing capacitance had been b r ie f ,  unemphasized, and very lim ited  in  
scope. A fter the b asic  theory and formulae were o ffe red , and a 
few ca lcu la tio n s  made to  i l l u s t r a t e  the a p p lic a tio n  o f the formulae 
to  numerical problem so lv in g , the in terview ees could remember l i t t l e  
commentary or guidance beyond the s im plest lab o ra to ry  experiments 
(such as the charging and d ischarg ing  of the c a p a c ito r) .
The s ig n ific an ce  of th is  fundamental property  seems not to  
have been fu r th e r  considered, and l i t t l e  was sa id  about very 
im portant and widespread uses made o f capac ito rs  and capacitance .
In  many cases teachers  supplied  th e i r  pup ils  with d ic ta te d  notes 
or hand-outs, and recommended co n su lta tio n  in  an approved textbook.
Even when th e i r  t r u s t  in  the conscientiousness of the le a rn e rs  was 
ju s t i f i e d ,  i t  i s  u n fo rtu n a te ly  tru e  th a t many young le a rn e rs  do not 
e a s i ly  absorb inform ation from the p rin ted  page, and tend to  ignore 
or give s l ig h t  a t te n tio n  to  phenomena which i s  ou tside  th e i r  experience.
The Concept of Capacitance
What many teachers  regard  as simple p r in c ip le s , may req u ire  
from the pup ils  extended co n sid e ra tio n . As one schoolboy declared:
. . . " I  have always found i t  a b i t  d i f f i c u l t  to  answer something th a t 
i s  new, th e re fo re  i t  takes me q u ite  a long time to  accept some 
simple ru le s  or f a c t s . ”
Many of the le a rn e rs  did not th in k  much about c ap ac ito rs  and 
capacitance during a long period  a f t e r  they had been in troduced to  
them: in  th e i r  innocence and ignorance, i t  did not appear th a t
th e re  was much more to  le a rn  about them. The th e o re t ic a l  s tu d ie s  
in  p rep ara tio n  fo r A -level exam inations could a l e r t  them to  a 
r e a l iz a t io n  th a t  they d id  not thoroughly understand some of the 
phenomena a sso c ia ted  w ith capac itance . U nfortunately , only a  sm all 
m inority  sought inform ation and c la r i f ic a t io n  from th e i r  teach e rs , 
fo r  numbers o f in terv iew ees spoke to  me o f seeking the so lu tio n  to  
th e i r  problems in  conversations w ith co lleagues, and o f dipping 
somewhat haphazardly in to  textbooks fo r  the means of re so lv in g  
confusion.
The m ajo rity  of the school p u p ils  had much d i f f i c u l ty  in  
understanding the meaning o f the terra ’’Capacitance” because th e ir  
experience of capacitance was r e s t r ic te d  to  the theory  and lab o ra to ry  
observations on the behavior o f the common component ex h ib itin g  
th a t  q u a lity , the c ap a c ito r . This i s  tru e  o f both ’’Mathematics" 
and "V isu a liz e rs” . From th e i r  responses to  my in q u ir ie s  about 
"Capacitance”, i t  i s  c le a r  th a t  many immediately made a mental 
t r a n s la t io n  to  the term "C apacitor” . I t  i s  l ik e ly  th a t  they a lso  
do so on meeting a re fe ren ce  to  "Capacitance” during such reading  
as they do.
The e le c t r i c a l  hobby co n stru c to rs  had a b e t te r  understanding
of the basic  operations o f charging and d ischarg ing  c ap a c ito rs , blit 
some appeared to  be s a t i s f i e d  w ith an oversim plified  and vague 
memory of one of the physical an a lo g ies , and most had no d is t in c t  
understanding of the Time Constant Curve. Some of the "V isu a lize rs"  
had attem pted to  c la r i f y  th e i r  ideas by p ic tu rin g  the e lec tro n  d r i f t  
which in tro d u c to ry  te x ts  had desc rib ed . U nfortunately , they d iscover­
ed th a t  i t  was only p a r t i a l ly  successfu l, fo r none o f the contemporary 
school textbooks follow  through w ith a complete sequence o f the 
opera tions of charging and d ischarg ing , and m isunderstandings can 
e a s i ly  be acquired  as the in d iv id u a l attem pts to  v isu a liz e  the 
dynamic sequence o f even ts.
Not a few of the hobby co n stru c to rs  employed the cap ac ito r 
in  a mechanical way -  w ithout th ink ing  much about i t s  function  
beyond the fa c t  th a t  i t  was a component o f a p a r t ic u la r  d e sc rip tio n  
sp e c if ie d  in  the c i r c u i t  diagram. There was a general paucity  of 
inform ation about the nature  o f d if f e r e n t  types of d ie le c t r ic s  
and th e i r  fu n c tio n s , which p o in t to  an inadequate knowledge of the 
in terconnected  fa c to rs  which govern the operation  of the c a p a c ito r .
I t  was d isappo in ting  to  d iscover th a t  so many could not r e c a l l  
the b asic  formulae fo r  capac itance .
The school pu p ils  who were "Mathematics" averred  th a t  they 
had "no d i f f i c u l t i e s "  w ith cap a c ito rs , because i t  "follow ed from 
theory , and when the formulas are  known, a l l  the necessary  c a lc u la tio n s  
can be obtained"; however, these pu p ils  were persons who d is lik e d , 
and t r i e d  to  avoid, p ra c t ic a l  work and might l a t e r  experience 
problems in  physica l m anipulation, choice of su ita b le  components, 
and the o rgan iza tion  o f p ra c t ic a l  c i r c u i t  arrangem ents.
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I t  i s  c e r ta in ly  necessary  th a t  many of the p u p ils  be 
encouraged to  extend th e i r  knowledge of capacitance beyond 
th e ir  r e s t r i c t iv e  a sso c ia tio n  w ith the component, the 
c ap a c ito r . I t  would a s s i s t  them to  consider the wider 
occurance of the phenomenon i f  they were to le a rn  something 
of the h is to ry  of the e a r ly  e le c t r i c a l  p ioneers ' exp lo ra tio n  
of th is  fundamental p roperty , which presented i t s e l f  in  th e ir  
researches upon d ire c t  and a l te rn a t in g  c u rre n ts . Their 
concepts would be considerably  enlarged i f  they read of Lord 
K e lv in 's  e a r ly  s tru g g le s  w ith trq n s -A tla n tic  te leg raphy , 
where h is  e f fo r t s  were a t  f i r s t  bedeviled  by the capacitance in  
the long cables -  and how, l a t e r ,  he was ab le  to  overcome the 
cap ac itiv e  e f fe c ts  by n e u tra liz in g  them by app rop ria te  q u a n titie s  
of inductancee Both "V isu a lize rs"  and "Mathematics" would find  
m ate ria l of in te r e s t  to  th e i r  in d iv id u a l tendencies, i f  personally  
or with the guidance of th e i r  teach e rs , they dipped in to  a biography 
such as S .P . Thompson's L ife  of William Thompsonv,‘(l872) . For 
those extreme "Mathematics" who tend to  remain a lo o f from the 
p ra c tic a l  work, th e re  w ill  be a good example o f an ou tstanding  
mathematician who did not d isd ain  from becoming deeply involved 
itfith the p r a c t ic a l i t i e s  of physical resea rch .
Those pup ils  who are  weak in  th e i r  grasp o f the p r in c ip le s  of 
charging and d ischarg ing  o f cap ac ito rs  could be m a te ria lly  a s s is te d  
by the very c le a r  ex p osition  o ffered  in  the e le c t r i c  te ch n ic ia n s ' 
book in  the "Common Core" s e r ie s ,  Basic E le c t r ic i ty , (1980) . '
The "V isu a lize r in  p a r t ic u la r  would g re a tly  b e n e f it from the
i
ex cep tiona lly  bold , s im p lified  diagrams i l lu s t i^ n g  the Time Constant 
Curve asso c ia ted  w ith the charging and d ischarg ing  of the c ap a c ito r .
The Vocational Students* Understanding of Capacitance
5 .8  The vocational s tuden ts  demonstrated l i t t l e  u n c e rta in ty  about 
capacitance , having grown fa m ilia r  w ith a number of i t s  e f fe c ts  in  
p ra c tic a l  c i r c u i t s .  They were o ften  q u ite  f lu e n t in  speaking of 
p a r t ic u la r  c ap ac ito rs  which had come w ith in  th e ir  experience, but 
they had l i t t l e  or no in te r e s t  dn  the theory  which govered th e ir  
o p era tio n . Their in s tru c to r s ,  knowing the re luc tance  o f tech n ica l 
s tu d en ts  to  become involved in  the mathematics of e l e c t r i c i ty / e l e c t -  
ro n ic s , adopt the p ra c tic e  of minimizing c a lc u la tio n  and s im p lifin g  
form ulae, and are o ften  ingenious in  avoiding work which might 
exceed the modest mathematical a.a b il i ty  o f th e ir  s tu d en ts : they know 
of the aversion  to  what one described  to  me as: "Theory th a t  can be
deep and goes on fo r  a long tim e."
There i s  a p o te n tia l  problem fo r  those vocational tra in e e s  who 
wish to  advance themselves in  in d u stry : the more rewarding p o s itio n s
demand g re a te r  th e o re tic a l  and mathematical expertese than many can 
re a d ily  o b ta in . However, those more conscien tious and p o te n tia lly  
capable are now being s tro n g ly  encouraged to  p e r s is t  in  th e i r  s tu d ie s  
through the whole s e r ie s  of p rogressive  Technical Education modules; 
a n d /th o s e  who q u a lify  a f te r  th ree  or four y e a rs ,/  should gain the 
necessary  s k i l l s  and experience to  s a t i s f y  the en try  requirem ents 
o f the tech n ica l development and resea rch  departments of the  la rg e r  
in d u s tr ia l  employers.
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The Higher Education Students* Concept of Capacitance 
5-9  The u n iv e rs ity /p o ly tech n ic  s tu d en ts  rem inisced th a t  th e i r  
school teachers  had tre a te d  capacitance (and inductance) in  an 
is o la te d  manner: the ex p o sitio n  of the theory  of capacitance 
was very l i t t l e  re la te d  to  the p ra c t ic a l  experiments in  the 
lab o ra to ry  and even le s s  w ith the a p p lic a tio n  o f capacitance 
to  u se fu l e le c t r i c a l  c i r c u i t s .  Most studen ts  in d ica ted  th a t 
they had not been made aware o f the ex ten t to  which capacitance 
may en te r in to  p ra c t ic a l  c i r c u i t s .  The hobby co n stru c to rs  had 
a b e t te r  understanding of the s i tu a t io n ,  but th e i r  knowledge 
was u su a lly  linked  to  the most commonly used power supply and 
f i l t e r  c i r c u i t s .  The "V isu a lize rs"  believed  th a t the mathematical 
treatm ent had not a s s is te d  them to  understand the s ig n ific a n ce  
of the physical component, the cap a c ito r , when th a t  was in  ac tiv e  
o p era tio n . What was m issing, they f e l t ,  was s u f f ic ie n t  commentary 
exp lain ing  in  d e ta i l  the dynamic functions of the component.
A considerable number of those in  th e i r  f i r s t  and second 
terms a t  u n iv e rs ity  had not rev ised  the b asic  p r in c ip le s  of cap ac ito r 
fu n c tio n s , and, app aren tly  they knew l i t t l e  more than the  mathematical 
form ulae, which they had learned  to  apply to  given num erical q u a n tit­
ie s  fo r  A -level exam ination purposes* The concept o f "Capacitance" 
was u n fam ilia r to  many beginning s tu d en ts , both Engineering and 
P hysics, l ik e  "H erbert" (E x trac t No.117) and "John" (E x trac t No. 118) 
who continued to  r e ly  on evaporating  memories o f school n o tes .
Those who entered upon degree courses of study in  Engineering 
and Physics quickly  discovered th a t  capacitance was a phenomenon 
which they were expected to  understand thoroughly, and those who 
c a rrie d  forward only a lim ited  knowledge of th is  p roperty , such as 
a fa m il ia r i ty  w ith the r a t io  o f charge over vo ltag e , could s u ffe r  
embarrassment. Those who were not hobby co n stru cto rs  o ften  had 
very l i t t l e  knowledge of the d if f e r e n t  types of c ap ac ito r, and 
even le s s  about th e i r  p ra c t ic a l  u ses . For such people in  th e ir  
f i r s t  term in  Higher Education, i t  was a common reso lve  th a t  they 
would "read-up11 cap ac ito rs  and capacitance "during the vaca tion".
5.10
C apacitive Reactance
Those s tu d en ts  who were prepared to  ta lk  about C apacitive 
Reactance in d ica ted  th a t  i t  had been tre a te d  with l i t t l e  emphasis, 
and had not been re v ise d . C apacitive Reactance was l i t t l e  under­
stood by those beginning th e i r  Higher Education, and most could 
not give any example o f the phenomenon. Even when the could, as 
in  the case of "M illy", read ing  Engineering (E x trac t No. 121) who 
had u n iv e rs ity  experience of problems involving cap ac itiv e  reac tan ce , 
i t  was e n t i r e ly  a m athematical problem -solving a c t iv i ty ,  and her 
understanding was lim ited  to  the memorized form ula. Those who had 
progressed beyond A -level requirem ents had been obliged to  ex e rt 
themselves considerably  to  gather the p rin c ip le s  o f phase d iffe ren ce  
from the tex tbooks. Several of those who ta lk ed  to  me of th e i r  
success in  th is  m atte r, l ik e  the Engineering s tuden t "Jane" (E x trac t 
No. 12*0, and the Physics s tu d en t "Kenneth" (E x trac t No. 125), were 
"V isu a lize rs"  who put th e i r  tendency to  p ic tu re  dynamic s i tu a tio n s  
to  good use, and recorded the appearance of osc illo scope  wave forms.
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As a considerable  p roportion  o f the s tu d en ts  en te rin g  upon 
th e i r  Higher Education s tu d ie s  were weak in  th e i r  knowledge of 
cap ac itiv e  reac tan ce , i t  seems d e s irab le  th a t  the to p ic  be given 
ra th e r  more a t te n tio n  towards the end of th e ir  school s tu d ie s , 
p re fe rab ly  under the d ire c tio n  o f th e i r  teach ers ; o r , f a i l in g  
th a t ,  they should rev ise  fo r themselves by p riv a te  read ing .
They might choose e i th e r  one of the o lder respected  te x ts  l ik e  
W.H. Tim bie's Elements of E le c t r ic i ty  fo r Technical Students 
( 19 11 ) -  which has the advantage th a t the author went out o f h is  
way to  be as d ire c t  and simple as p o ssib le , on account o f the 
ideas being presented were then r e la t iv e ly  new and u n fam ilia r; 
o r, they could consu lt one of the American textbooks w ith an 
abundance of i l lu s t r a t io n s ,  such as Basic E lec tro n ics  fo r 
Engineering Technology (1981) ,  by N.R. Ekeland.
The in te rv iew ees ' accounts give good reason to  be lieve  
th a t  some form of review o f capacitance , in  theory and p ra c tic e , 
i s  h igh ly  d e s irab le  in  the e a r ly  days of Engineering and Physics 
degree s tu d e n ts ' courses. Such a review could t r e a t  o f a range 
o f ty p ic a l cap ac ito rs  in  common use, appropria te  to  p a r t ic u la r  
po\^er, electrom agnetic  and e le c tro n ic  c i r c u i t s .  Some re v is io n  
of cap ac itiv e  reactance i s  necessary , and fo r those who w ill  
re g u la r ly  have to  use o sc illo sco p es  in  th e i r  lab o ra to ry  work, 
i t  i s  b e s t th a t  the phenomenon be demonstrated w ith th a t 
instrum ent.
:3?6
5.11 The phenomena a sso c ia ted  w ith inductance were frequent sources 
o f m isunderstanding among school p u p ils . .  While most had a basic  
acquaintance w ith the e f fe c ts  o f the magnetic f ie ld  around a c u rre n t-  
carry ing  conductor under d .c .  co n d itio n s , few could apply th a t knowled­
ge even to  simple inductive  c i r c u i t s .  Several of the pup ils  in te r ­
viewed in d ica ted  th a t  they were nervous of the su b jec t of inductance: 
among th e i r  classm ates the su b jec t was reputed to  be complicated 
and d i f f i c u l t  to  m aster. For m any,their knowledge was leased on 
partly-remembered classroom teach ing , or d ic ta ted  n o te s . Some o f the 
’'V isu a liz e rs” who had d i f f i c u l ty  in  grasping the p rin c ip le s  o f in d u c t­
ion had gained some b asic  inform ation through memorization of a  te x t ­
books ’ p ic to r ia l  i l l u s t r a t i o n  o f the re la tio n sh ip  o f c u rre n t, vo ltage , 
and magnetic f lu x , which was b u ttre s se d  by Fleming’s h an d -ru les . 
U nfortunately , w ithout fu r th e r  acquaintance w ith mathematical formulae, 
th a t  knowledge remains an inadequate foundation fo r Higher Education 
e le c t r i c a l  s tu d ie s .
The ’’Mathematics” among the school pu p ils  knew the formulae, 
but p re fe rred  not to  be much involved in  lab o ra to ry  experiment which 
could fa m ilia r iz e  them w ith c h a ra c te r is t ic  inductance c i r c u i t s .
Both ’’Mathematics” and ’’V isu a liz e rs” were e x tra o rd in a r ily  weak on 
inform ation concerning the common uses of in d u c to rs . The more 
thoughtfu l among the in terv iew ees were aware th a t what they had been 
tâught about inductance theory  had l i t t l e  connection w ith p ra c tic a l  
a p p lica tio n s  which could come w ith in  th e ir  experience, and sev e ra l 
vocalized  the group fe e lin g  when they wished they had heard more
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about the way th a t  components functioned w ith in  c i r c u i t s ,  ra th e r  
than the a b s tra c t  th e o re tic a l  co n sid e ra tio n s .
To many, the memory o f th e i r  school e le c t r i c a l  s tu d ie s  was one 
o f d u ll  a c t iv i ty ,  designed p rim arily  to  equip them w ith the mathematic­
a l  means to  gain the necessary  A -level c r e d i ts .  The weakness in  
understanding these  fundamental p r in c ip le s  can continue to  o b s tru c t 
the progress of s tuden ts  l ik e  "Dennis” (E x trac t No* 90) during 
the f i r s t  months of Higher Education* The concept of inductance^ 
w orries many a t  school, and from the confidences of the  s tu d en ts , 
th e re  seems good reason to  b e liev e  th a t  i t  a lso  w orries many o f the 
te ach e rs , whose explanations f a i le d  to  s a t i s f y  th e i r  pupils* Some­
th in g  o f th is  must be blamed upon the shortage o f p roperly  q u a lif ie d  
te ach e rs , and the inexperience o f those re c en tly  q u a lif ie d .
School P u p ils 1 Understanding of Back-e.m .f.
5.12 There i s  no doubt th a t  the  p r in c ip le s  of back e .ra .f . troubled  
many school p u p ils , though they were re lu c ta n t to  speaklr. much of th is ,  
as were those beginning th e i r  Higher Education. A number o f the 
"V isu a lize rs” remembered how d i f f i c u l t  i t  was fo r  them to  absorb e le c tro ­
magnetic theory  from the classroom ta lk  or the no tes which they were 
given, and they never obtained s u f f ic ie n t  p ra c t ic a l  experience to  
esiablish grounds fo r s o l id  confidence. On the o th er hand, the 
the "Mathematics” tended to  be im patien t w ith the analog ies used by 
teachers  to  s im p lify  inductive  formulae: they d id  not share the 
problems of the "V isu a lize r” co lleagues, and th e i r  preference was 
fo r  expressions of concise mathematical symbolism, and they were
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p e rfe c t ly  s a t i s f i e d  w ith the  inductive  equations, and the academic 
textbook commentaries, as instanced  by ’’Alex1* in  E x trac t No, 100,
Experience of a .c .  E le c t r ic i ty
3 .13  Many o f those new to  Engineering and Physics courses looked 
back upon th e ir  school inductive  s tu d ie s  w ith re g re t because they 
had not taken f u l l  advantage o f the in s tru c tio n  and the recommended 
l i t e r a tu r e ;  bu t more freq u en tly  i t  was because they considered th a t  
too l i t t l e  time had been given to  the examination o f a . c ,  conditions 
r e la t in g  to  transfo rm ers, reac tan ce , f i l t e r  c i r c u i t s ,  and the 
opera tion  of motors and g en era to rs . R ela tiv e ly  few o f those in te r ­
viewed had more than a modest knowledge of transform er a c tio n , and 
u su a lly  they were 1'V isu a liz e rsM lik e  "Max” (E x trac t No. 133) who 
had b e n e f itte d  from sound teach ing , and had lab o ra to ry  experience 
of working w ith transform ers and had put h is  n a tu ra l in c lin a tio n s  
to  use in  sep a ra tin g  the various cu rren ts  flowing in  the opera ting  
transfo rm er. A lte rn a tiv e ly , they were experienced co n stru c to rs  who 
had employed transform ers in  p a r t ic u la r  s i tu a t io n s . Few of the 
s tu d en ts  had more than a s u p e r f ic ia l  acquaintance w ith mutual 
inductance.
U n fam ilia rity  w ith Transformers
Those who had not been given the opportunity  o f studying the 
transform er a t  the work-bench (and p a r t ic u la r ly  those who had not 
had the wave-forms demonstrated w ith the o sc il lo sc o p e ) , d id  experience 
d i f f i c u l ty  in  follow ing the e le c t r i c a l  functions of the transform er
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and in  connecting th a t  w ith the electrom agnetic  theo ry . This is  
instanced  by the conversation  w ith the Engineering undergraduate,
"A line” , a "V isu a liz e r” (E x trac t No* 13^). She \\ras only one of 
sev e ra l s tuden ts  who complained of being sub jec ted  to  the mathemat­
ic a l  a n a ly s is  o f the transform er cu rren ts  when in  a s ta te  of near­
ignorance o f the physica l s tru c tu re  and a p p lic a tio n s  of the dev ice .
I t  would seem th a t a t  both school and u n iv e rs ity  the o p p o rtu n ities  
fo r  engaging s tu d en t in te r e s t  are o ften  lo s t  by tr e a t in g  transform ers 
p rim arily  as a source o f m athematical ex e rc ise s . The fa i l in g s  of 
th a t  approach were noted in  conversation  w ith " Je rry ” , the Physics 
undergrgraduate (E x trac t No. 133) who had followed and apprecia ted  
the academic work, but who did not know of the ex istence  of the 
I s o la t in g  Transformer a t  h is  lab o ra to ry  bench, nor i t s  fu n c tio n .
There i s  c le ar ly  a need fo r  more inform ation on the tra n á former 
as a p ra c t ic a l  in strum en t. I t  i s  d e sirab le  th a t  th is  should be 
o ffered  towards the end of the school s tu d ie s . I t  i s  p re fe rab le  
th a t the opera tion  of the transform er be explained and demonstrated 
in  the la b o ra to ry , where the p r in c ip le s  can be im planted most firm ly  
i f  the in s tru c to r  were to  c a l l  upon a h is to r ic a l  account o f Henry's 
discovery: th a t  by a d ju s tin g  the number of tu rn s  on h is  primary and
secondary c o i ls ,  he could s tep -up  or step-down the vo ltage ; and s im ila r ly , 
i t  could be poin ted  out th a t  i t  was he who introduced the screen ing  of 
c o i ls .
In  the classroom a l l  p o ssib le  graphic a ss is tan c e  should be obtained 
from h e a v i ly - i l lu s tr a te d  te x ts .  Some of the e a r l i e s t  treatm ents o f the 
transform er s t i l l  remain unsurpassed in  i l lu s t r a t io n s  and diagrams, 
such as J.A . Flem ing's A lte rna te  C urrent Transformer (1889) .  But the 
studen t i s  a lso  very w ell served by a modern lu c id  and concise account 
such as i s < given in  Technical E le c t r ic i ty  and E lec tro n ic s  (198*0 by 
Buban and S ch m itt.^
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5 . 3A The concept o f inductance i s  undoubtedly p a r t ic u la r ly  d i f f i c u l t  
to  the le a rn e r  on the vocational courses. Because of th e i r  ch a rac te r­
i s t i c  im patience w ith  classroom theory , l i t t l e  i s  to  be gained by much 
teach ing  of the su b jec t a t  the blackboard. They want " to  see i t ,  and 
want to  know what i t  does", and they want a re fe rence  to  something 
mechanical which i s  w ith in  th e i r  own experience. In  th e i r  s i tu a t io n ,  
the o sc illo sco p e  dem onstration o f wave-forms i s  the b e s t to o l which 
the in s tru c to r  has in  communicating the bgsic p r in c ip le s  o f th is  
phenomenon. Like most of the school p u p ils , the vocational s tu d en ts  
seldom asso c ia te  inductance w ith  motors and g en era to rs, bu t i t  i s  
no t unreasonable to  suppose th a t  th e i r  in te r e s t  in  the p r in c ip le s  
o f inductance could be s tim u la ted  by the in s tru c to rs  working back­
wards from the dynamic ac tio n s  o f the motors and generato rs which are 
so dependent upon these p r in c ip le s .
The Higher Education S tu d en ts1 Knowledge of Inductive  P r in c ip le s
5.15 A considerab le  number o f f i r s t  and second term Engineering 
and Physics s tu d en ts  were u n certa in  o f th e i r  m astery o f inductive  
p rin c p le s . In  the course of a b r ie f  exchange on the su b jec t i t  
became c le a r  th a t  many sca rc e ly  remembered much more than the 
s im p lest form ulae. In  conversation  i t  was freq u en tly  ind ica ted  
to  me th a t a t  school th e i r  co n sid e ra tio n  o f a .c .  c i r c u i t s  was rushed 
and skimped, and th a t  they had found the te ac h e rs ' commentaries 
confusing, and had not subsequently  expanded on the l i t t l e  they had* 
brought from school.
The Vocational Students1 Understanding of Inductance
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The students*  confidence in  th e i r  understanding o f the 
phenomena was not n e c e ssa rily  linked  to  success in  the  A -level 
exam inations, fo r  some of the in terv iew ees spoke o f lin g e rin g  
a n x ie tie s  about inductive  p r in c ip le s .  Several to ld  me p la in ly  
th a t  they had been able to  cope w ith the A -level questions only 
because they had memorized a  ro u tin e  o f formulae a p p lic a tio n .
The Opinions of Higher Education Students
The Engineering s tu d en ts  were freq u en tly  of the opinion 
th a t  electrom agnetism  req u ired  more time and a t te n tio n  a t  
sdhool: they believed  th a t they had no t c a rried  s u f f ic ie n t  inform­
a tio n  from school to  be ab le  to  progress s^moothly to  the  h igher 
le v e l of in s tru c tio n  o ffered  to  them a t  the beginning o f th e i r  
courses. This was p a r t ic u la r ly  tru e  in  the case of transfo rm ers, 
motors and g en era to rs . Those who were more conscien tious than 
o th ers  had t r i e d  to  use the recommended u n iv e rs ity /p o ly tech n ic  
te x ts  to  supply th e i r  d e f ic ie n c ie s , bu t were made p a in fu lly  aware 
th a t  those te x ts  assumed a g rea t deal of knowledge which they did 
not possess.
Many s tu d en ts  described  inductive  phenomena as " d i f f i c u l t ” , 
and, in  a l l  p ro b a b ility , fo r  th a t  reason  they postponed the needful 
textbook study . The longerthey delayed, the g re a te r  the a n tic ip a te d  
d i f f i c u l t i e s  became in  th e i r  im agination . Many tim es s tu d en ts  l ik e  
”Alex" (E x trac t No. 126) in d ica ted  a sense of "confusion” when 
th ink ing  about inductance, and o th e rs , l ik e  " B il l” (E x trac t No. 127) 
ta lk ed  of i t s  "mystery"- They, and o th ers  based th e i r  opinions 
p r in c ip a lly  on th e i r  A -level n o tes , and had not looked in to  the
3$2
school le v e l textbooks fo r  a s s is ta n c e . The concept of "Inductance" 
was even le s s  c le a r  than "Capacitance” in  the minds of those who 
could o ffe r  me only the m athem atical form ula.
Some of the beginning s tu d en ts  had good reasons fo r  anx iety ; 
they had learned  from second-year s tu d en ts  th a t  they were expected 
to  be well-grounded in  e lectrom agnetic  princples; a t  the s t a r t  of 
th e i r  u n iv e rs ity  E lectrom agnetic le c tu re s , yet l ik e  "A line" (E x trac t 
No. 131)? they were q u ite  unsure of the  basic  inductive  p r in c ip le s  in  
which fluency was assumed. Some who had t r ie d  to  read up the su b jec t 
fo r  them selves, l ik e  "Ronny" (E x trac t No. 132), had discovered the 
d i f f i c u l ty  o f ga thering  the p r in c ip le s  o f induction  from the 
recommended books, and had come to  the conclusion th a t  a good under­
stand ing  of the su b jec t involved deep study and time fo r ledisured 
re f le c t io n ,  conditions which were not l ik e ly  to  be av a ilab le  to  them 
during term -tim e.
Many u n iv e rs ity /p o ly tech n ic  s tuden ts  voiced a wish th a t  th e i r  
le c tu re r s  and tu to rs  would recognize th a t  there  were g rea t inequal­
i t i e s  in  the academic grounding of the newcomers: they c a lled  fo r a 
"slow in tro d u c tio n  to  coun terac t the conditions stacked ag a in s t 
people who have d e fic ie n c ie s  and have to  s tru g g le ."  Among the to p ics  
much mentioned by them as decaying in  memory since  A -level s tu d ie s , 
were inductive p r in c ip le s .
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6.1 Recognition by the teacher o f the two ca teg o ries  o f le a rn e r  can 
b rin g  advantages to  both p a r t ie s .  I f ,  q u ite  e a r ly  in  any course of 
e le c t r i c a l  in s tru c t io n , the teacher i s  observant of c h a ra c te r is t ic s  
which in d ic a te  the "V isu a lize r"  or "Mathematic", he can a ssess  to  
what degree the person’s methods of study are in fluenced  by h is /h e r  
b ia s  towards one or the o ther c la s s i f ic a t io n .  The "V isua lizer"  i s  
p a r t ic u la r ly  a t te n tiv e  and c r i t i c a l  o f diagrams and i l lu s t r a t io n s ,  
and considerably  le s s  e n th u s ia s tic  o f the mathematical equations.
The s tro n g e r "V isua lizer"  soon rev ea ls  h is  b ias as he p e r s is te n tly  
seeks fo r  a p h y s ica l d e sc rip tio n  of the component a c tio n s , and gropes 
fo r  some analogy which has a  re ference  to  v is ib le  phenomena w ith in  
h is  experience. The teacher who recognizes the h a b its  o f the 
"V isu a lize r"  w ill  not assume th a t  these people are  poor mathematicians 
and simply need more rigo rous d r i l l  in  numerical techniques, but 
w il l  accept th a t  they do have o ther non-mathematical tendencies 
which can be accommodated and put to  b e n e f ic ia l use in  the course 
o f m astering the fundamental p r in c ip le s  of e l e c t r i c i ty .
The "V isu a lize rs"  should be encouraged to  draw c i r c u i t  diagrams 
o f the p ra c t ic a l  c i r c u i ts  which are  i l l u s t r a t iv e  o f cap ac itiv e  and 
inductive  theory  -  p re fe rab ly  in  the lab o ra to ry , where they can be 
constructed  from d is c re te  components w ithout delay . With the advantage 
of the in s t r u c to r 's  explanatory  commentary lin k in g  the theory and 
the formulae w ith what they have produced, the "V isu a lize rs"  can 
e s ta b lis h  a s tro n g e r mental a sso c ia tio n  than i s  l ik e ly  to  r e s u l t  
from the classroom " ta lk  and chalk".
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The te a c h e r’s awareness o f the importance which v isu a l a ids 
have in  the "V isu a lize r* s” le a rn in g  processes could s u b s ta n tia l ly  
modify the p re sen ta tio n  o f some to p ic s  which can be id e n tif ie d  as 
d i f f i c u l t  to  tra n s fe r  from the p rin ted  page to  the in d iv id u a l’s 
p ic to r ia l  imagination* Such a re  the inductive  phenomena, and the 
sym pathetic teach er, aware o f the sp e c ia l needs of the "V isu a lize r" , 
might consider beginning th is  study d ire c t ly  from lab o ra to ry  
experim ents, a llow ing the le a rn e r  to  observe the dynamic phenomena 
by means o f the behavidjr of the wave-forms on the o scilloscope  
screen  and the m ultim eter s c a le .
Acknowledgement o f the p a r t ic u la r  needs of the ’’V isu a lize r” , 
and e sp e c ia lly  those s tro n g ly  so b iased , would r e s u l t  in  g re a te r  
a t te n tio n  being given to  the choice o f recommended textbooks, and 
more guidance to  s tu d en ts  using  them. In  a l l  p ro b a b ility  many teachers  
would propose re fe rence  to  sev e ra l o f the more h eav ily  i l lu s t r a te d  
recen t in tro d u cto ry  te x ts ,  and suggest the study o f su ita b le  diagrams 
from a number o f works, while re ta in in g  the recommendation of more 
academic textbooks, w ith th e i r  rigorous mathematical p ro o fs , to  the 
undoubted ’’M athematics".
6 .2  The school teacher who ap p rec ia te s  the d if fe re n t  tendencies of 
h is  pup ils  would be in  a good p o s itio n  to  guide those u n certa in  of 
fu tu re  educational p rogress: he might advise the s trong  "V isu a lize r”
w ith m anipulative s k i l l s  to  consider the prospect o f jo in in g  a Technical 
Education C e r t if ic a te  course in  E le c tr ic ity /E le c tro n ic s  a t  a vocational 
co lleg e; o r, he might encourage an academ ically in c lin ed  "V isu a lize r” 
to  consider the p o s s ib i l i ty  o f reading  fo r an Engineering degree a t  
u n iv e rs ity  or po ly techn ic .
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6 .3  S im ilar b e n e f its  would r e s u l t  from the reco g n itio n  and approp­
r i a t e  accommodation of the p a r t ic u la r  requirem ents o f the ’’Mathematics’1. 
The extreme ’’Mathematics” a re  few and e a s i ly  id e n tif ie d  by th e ir  
su p e rio r num erical s k i l l s ,  and th e i r  im patience w ith lab o ra to ry  
work. Their tendencies are  alm ost c e r ta in ly  so w ell e s tab lish ed  
by the time they reach  A -level p rep ara tio n  th a t i t  i s  l ik e ly  th a t 
the te a c h e r’s e f fo r t s  could only achieve a s l ig h t  m odification  of 
a t t i tu d e  and behavior -  y e t i t  i s  worthwhile encouraging g re a te r  
to le ran ce  o f the physica l functions o f cap ac ito rs  and inducto rs 
and the c i r c u i ts  in  which they a re  used, and these persons should 
be advised th a t  to  scorn lab o ra to ry  experiment could p re jud ice  
th e i r  progress in  Higher Education.
Those ’’Mathematics” of le s s  pronounced b ia s  could be encouraged 
to  f le x  th e ir  mathematical s k i l l s  on fo rm ulae-rela ted  problems 
found in  textbooks intended fo r a  h igher stage o f study than th e i r  
own. I f  p re c is io n  equipment i s  a v a ila b le  in  the la b o ra to ry , th e i r  
in te r e s t  in  the p ra c t ic a l  c i r c u i t s  could be sharpened by urging 
them to  use those instrum ents to  compare the measured r e s u l t  w ith 
th e i r  own c a lc u la tio n s , and account fo r  d iffe ren ces  which may be 
found.
385.
Recognition of the W lsu a liz e r"  in  Higher Education
6,^  I f  a t  u n iv e rs ity /p o ly tech n ic  le v e l the teachers would 
acknowledge the ex istence  o f "V isu a lize rs"  and th e i r  tendency 
" to  see in  the mind” ra th e r  than immediately apply a mathematical 
approach, then i t  i s  alm ost c e r ta in  th a t  students* questions 
concerned w ith p hysica l cond itions asso c ia ted  w ith inductive  
and cap ac itiv e  c i r c u i ts  would receive  more p a tie n t treatm ent*
Those teachers who recognized the tendencies of the "V isua lizer"  
would not dism iss them as naive and needful only o f mathematical 
re v is io n  -  which was the experience o f some who complained to  me 
th a t  the response to  th e i r  req u ests  fo r  physical explanations o f 
fundamental p r in c ip le s  was to  he "sen t r ig h t  back to  the equations", 
although they wanted "a d if f e r e n t  way o f th ink ing  about i t . "  O’S elina") 
The u n iv e rs ity /p o ly tech n ic  teach e r, having become aware 
of "V isua lizer"  c h a ra c te r is t ic s  would re a liz e  th a t  a p roportion  
o f h is  studen ts  r e s i s t  the a b s tra c t  mathematical p re sen ta tio n  o f 
physica l e le c t r i c a l  occurrences, p re fe rrin g  "to  understand how i t  
works, not going in to  any a n a ly t ic a l  m athem atics." (I'Golin")
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The Need fo r More P ra c tic a l  work
6.3  There was a consensus o f opinion among the pu p ils  preparing 
fo r  A -level examinations th a t  they received  too l i t t l e  p ra c t ic a l  
experience designed to  acquain t them w ith e le c t r i c a l  fundam entals.
Some believed  th a t  the experiments ra re ly  s tim ulated  them s u f f ic ie n t ly  
to  encourage fu r th e r  personal in q u iry , and only ra re ly  did they 
illu m in a te  obscure, partly -understood  th e o re tic a l  p r in c ip le s  
r e la t in g  to  capacitance and inductance. The pup ils  wanted i n s t ­
ru c tio n  and dem onstrations which explained and commented upon the 
physica l processes w ith in  components and c i r c u i t s .  U nfortunately , 
such d e sire s  were seldom g r a t i f i e d .
Some of the u n iv e rs ity  s tu d en ts , looking back upon th e ir  
e le c t r i c a l  in s tru c t io n , complained o f i t  being rem otely th e o re tic a l  
and excessive ly  m athem atical: l ik e  ’’Bessy” (E x trac t No. 8?).-;> They
spoke of too many memorized formulae and equations, which although 
e ffe c t iv e  fo r examination success, d id  nothing to  engage th e ir  
in te r e s t  in  the study o f e l e c t r i c i t y .  Those who were ’’V isu a liz e rs” 
hankered a f te r  an a l te rn a t iv e  manner o f lea rn in g  about the e le c t r i c a l  
m ysteries, and l ik e  ’’Amanda” (E x trac t No. 89) and ’’Michael” (E x trac t 91) 
who very much wished th a t  they could ’’understand what was going on” 
in  the physica l sense of knowing more about the fundamental p ro p e rtie s  
o f the  components and th e i r  ac tio n s  in  c i r c u i t s ,  and the p ra c tic a l  
a p p lic a tio n s  o f the d ev ices. Those s tuden ts  in d ica ted  th a t they were 
groping fo r a graphic or v isu a l re fe ren ce , and were the type o f persons 
who could b e n e f it  from g re a te r  con tac t w ith p ra c t ic a l  work in  the
lab o ra to ry .
The s l ig h t  acquaintance w ith  p ra c t ic a l  work was a cause 
o f anx ie ty  to  a  good number o f s tu d en ts  who had reached Higher 
Education, and s tro n g  re g re ts  were f e l t  whether the weakness re su lte d  
from a lack  of commitment to  lab o ra to ry  a c t i v i t i e s ,  or inadequate 
school f a c i l i t i e s .  The f a i l in g  was p a r t ic u la r ly  em barrassing a t  the 
very s t a r t  o f th e i r  Physics or Engineering degree courses when i t  
became apparent th a t  th e i r  teachers  assumed a considerable  p ra c tic a l  
knowledge of components, c i r c u i t s ,  and instrum ents.
In  the opinion o f a  considerable  number of s tu d en ts , the 
a t t i tu d e  o f th e i r  school teachers  was th a t e le c t r i c a l  theory  demanded 
much a tte n tio n , but th a t  work in  the lab o ra to ry  was an " e x tra ” , and 
th a t  the p ra c t ic a l  s k i l l s  could be .acquired, or im proved,at a  l a t e r  
d a te . "Michael" (E x trac t No. 91) was one o f sev e ra l who complained 
o f rushed experiments and a programme too concentrated  to  allow 
time fo r r e f le c t io n .  "Bernard” (E x trac t No. 93) i s  an example of 
the s tuden t who discovered how inadequate h is  school p ra c t ic a l  work 
had been, and he had had to  work very hard to  make good the d e fic ien cy . 
The g i r l s ,  in  p a r t ic u la r ,  complained o f s u p e r f ic ia l  lab o ra to ry  work, 
and many o f them stu d ied  a t  schools where the Science department was 
sev e re ly  u n d e r-s ta ffed  and under-equipped, and except in  the ra re  
cases where a "school club” had been organized fo r e le c t r i c a l  hobby 
co n stru c tio n s , th e re  was l i t t l e  opportun ity  or encouragement to  
p ra c t ic a l  e le c t r i c a l  c o n s tru c tio n s .
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6.6 One o f the most frequen t recommendations was fo r an e a r ly  
and thorough p ra c tic a l  coverage o f motors and generators* The 
"V isu a lize rs"  in  p a r t ic u la r  found d i f f ic u l ty  in  m astering the p r in ­
c ip le s  from blackboard drawings or textbook i l l u s t r a t i o n s .  A dynamic 
a c tio n  i s  sought. People l ik e  "Belinda" (E x trac t No. lk7 ) spoke fo r 
many o thers when she c a lle d  fo r  the dism antling (o r construction ) 
o f a generato r by a dem onstrator in  the lab o ra to ry . P roperly  aided 
by running commentary, such work on a generato r or motor i s  memorable, 
and would ju s t i f y  the time and e f f o r t  involved by the b e n e f its  which 
i t  can give to  nov ices.
A la rg e  number o f s tu d en ts  f e l t  th a t  they had been denied an 
e s s e n t ia l  a rea  of inform ation by no t rece iv in g  some tu i t io n  in  b asic  
E lec tro n ics  a t  schoo l. On account o f the contemporary a cc e le ra tio n  
in  e le c tro n ic  devices and c i r c u i t s ,  i t  c e r ta in ly  should be possib le  
fo r a l l  Science s tu d en ts , and e sp e c ia lly  those going forward to  
study fo r Physics and Engineering degrees, to  receive  a b asic  tra in in g  
in  e le c tro n ic  devices and c irc u its *  The poly technics and u n iv e r s i t ie s ,  
however, should acknowledge th a t  th e re  i s  an a rea  o f weakness a t  p re sen t, 
and provide much more d iscu ssio n  o f elem entary e le c tro n ic s  a t  the 
s t a r t  o f th e i r  lab o ra to ry  se s s io n s .
Practical work on Motors and Generators
Encouragement to Vocational Students
6.7  As i t  was w ith the school p u p ils , so s im ila r ly  the  v eca tiona l 
s tu d en ts  had need o f in s tru c tio n  in  the p ra c tic a l  opera tion  of motors 
and g en era to rs, and the theory  which governs^' them. Although the 
tra in e e s  complained of the d i f f i c u l ty  of concen tra ting  on the 
inductive  p r in c ip le s  in  the classroom , th e ir  e s ta b lish e d  in te r e s t
in  mechanical devices could be a means to  maneuver them in to  gaining 
some fa m ilia r i ty  w ith electrom agnetic  fundamentals through the 
examination and an a ly s is  o f the behavior o f motors and generators 
a t  the lab o ra to ry  work-bench.
6.8 °ne p o te n tia l  source of d i f f i c u l ty  and confusion to  beginning 
Higher Education s tu d en ts  was freq u en tly  s in g led -o u t fo r  c r itic ism : 
th a t  they must o ften  undertake experiments w ithout a s u f f ic ie n t ly  
c le a r  understanding of the purpose of th e i r  work. U nfortunately , 
some in s tru c to rs  in  charge of f i r s t  term p ra c tic a l  work assume 
more knowledge on the p a r t o f the s tu d en ts  than they possess, and 
provide too l i t t l e  in  the way o f explanatory  comment. As the 
s tu d en t in  E x trac t No. 1^1 expressed i t :  "You d o n 't  always know
ex ac tly  what you are  going. You follow  the method la id  down."
By c o n tra s t, a number o f en lightened  educators do provide notes 
to  the f i r s t  and second term s tu d en ts  which guide them to  the 
pages o f a  number o f textbooks dealin g  w ith the to p ic s  to  be 
s tu d ied  in  p ra c t ic á is .  The m ajo rity  o f the s tu d en ts  would b e n e f it 
i f  th is  p ra c tic e  was u n iv e rsa lly  adopted.
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6 .9  The in terv iew s w ith f i r s t  term Physics and Engineering 
degree studen ts  in d ic a te  th a t  some of th e ir  e a r ly  course d i f f i c u l ­
t i e s  were re la te d  to  an in a b i l i ty  to  read th e o re tic a l  c i r c u i t  
diagrams accu ra te ly  and w ith confidence. At school sca rc e ly  any 
a t te n tio n  i s  given to  the  in te rp re ta t io n  o f c i r c u i t  diagrams beyond 
the reco g n itio n  o f the common symbols because the teachers  consider 
th a t  the simple c i r c u i t  arrangem ents, inco rp o ra tin g  so few components, 
pose no problems. The problems a r i s e ,  however, when the  complexity 
o f c i r c u i t s  in c reases  d ram atica lly  a t  the next stage  o f th e i r  
e le c t r i c a l  s tu d ie s .
As i t  i s  necessary  fo r  a l l  Physics and Engineering degree 
s tu d en ts  to  develop some fluency  in  read ing  e le c t r i c a l  c i r c u i t  
diagram s, i t  i s  h igh ly  d e s irab le  th a t  th is  s k i l l  should be p ra c tise d  
while a t  school by those who are  proposing to  go forward to  such 
co u rses. Once in  the Higher Education lab o ra to ry , the studen ts  
can s u ffe r  both embarrassment and p ra c tic a l  problems i f  they can 
not read th e i r  c i r c u i t  diagrams -  as demonstrated by the " fre sh e r” 
engineer and her lab o ra to ry  p a rtn e r who had before them on the bench 
a c i r c u i t  diagram which con trib u ted  l i t t l e  to  th e i r  experiment 
because: "We d o n 't  understand much o f what i t  r e p re s e n ts .”
I t  i s  un fo rtunate  th a t  few u n iv e rs ity /p o ly tech n ic  teachers 
appear to  acknowledge th a t  th e re  i s  any d i f f ic u l ty  in  acqu iring  
the fluency th a t  they expect from th e i r  s tu d en ts . I t  would seem 
th a t  they have fo rg o tten  th a t  once they d id  not have the f a c i l i t y  
► them selves. The s tu d en ts  were in  no doubt th a t  i t  would be much
to  th e i r  advantage i f  they had received  some tu i t io n  in  c i r c u i t  
diagram read ing  a t  school, or immediately on en try  to  th e i r  degree 
co u rses•
Instruction in Circuit Diagram Reading
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6.10 The School pu p ils  who were hobby e le c t r i c a l  con stru c to rs  
met w ith fewer d i f f i c u l t i e s  and a n x ie tie s  in  the course of th e i r  
A -level p re p a ra tio n .' In  p a r t th is  can be accounted fo r by the 
background of basic  knowledge r e la t in g  to  d is c re te  components 
and th e i r  arrangements in  the common c i r c u i ts  employed by the 
k i t s  and ex p e rim en ta l s e ts ;  equally , i t  can be a t t r ib u te d  to  
enthusiasm generated by th e i r  achievements in  producing fo r 
themselves even the most elem entary working m o d e l s a n  enthus­
iasm s u f f ic ie n t  to  carry  them through temporary le a rn in g  
problems as they advance in  th e i r  s tu d ie s .
The experience o f those co n stru c to rs  suggests how d e s ir ­
ab le i t  i s  fo r  teachers  to  recommend e le c t r ic a l  hobby a c t iv i t i e s  
to  those who appear to  be lo s in g  in te r e s t ,  or those who begin to  
f a l l  behind th e i r  fellow  p u p ils . The educational advantages, 
combined with the p ride which equipment bu ild ing  can b rin g , may 
win over p re jud ice  and d is ta s te  born o f a n x ie ty ,f e l t  by persons 
l ik e  '’H arris"  (E x trac t No. 86), who f e l t  th a t he had to  s tru g g le  
to  cope w ith what o thers  found r e la t iv e ly  easy. Although teach ers , 
pressed by numerous commitments and u n sa tis fa c to ry  co n d itio n s , may 
no t consider i t  im portant to  tu rn  th e i r  energy to  the urg ing  of 
p u p ils  to  these co n stru c tio n s , the s tuden ts  interview ed have been 
g ra te fu l  to  those school teachers  who provided th a t  i n i t i a l  
encouragement•
Encouragement to follow Electrical Hobbies
6.11 A valuable a l ly  o f school teachers  in  the e le c t r i c a l  education 
o f th e i r  pup ils  i s  the range o f hobby magazines which a re  designed 
to  appeal to  those o f lim ited  te ch n ica l knowledge and modest 
re so u rces . The hobby magazines encourage the young con stru c to rs  
w ith a t t r a c t iv e  a r t i c l e s  fo r  manageable c i r c u i ts ;  l a t e r ,  many who 
had benefited^from  such read ing , continue to  pa tron ize  s im ila r , 
though more advanced magazines, and e x tra c t  p ra c tic a l  c i r c u i ts  and 
ga ther items o f u se fu l information^ while reading fo r Physcis or 
Engineering degrees.
I t  i s  un fo rtunate  th a t  a considerable p roportion  o f school 
p u p ils  and Higher Education s tu d en ts  d isplayed apathy towards 
these p u b lic a tio n s , o r expressed only weak d ila to ry  good in te n tio n s  
o f in v e s tig a tin g  th e i r  co n ten ts .
There i s  a need fo r  u n iv e rs ity /p o ly tech n ic  teachers  to  
e x e r t a p o s itiv e  in fluence  to  encourage the use o f these 
magazines -  perhaps by . d isp lay in g  a r t i c l e s  re lev an t to  cu rren t 
s tu d ie s , and by d iscu ssin g  them, as they appear in  the monthly 
is su e s , in  c la s s .
The Reading of Hobby Magazines
The Resolution of Student Problems
6,12 Many of those in terview ed volunteered memories of problems 
encountered while studying e le c t r i c a l  fundamentals a t  school, and 
one common c h a ra c te r is t ic  was th a t  they h e s ita te d  to  go d ire c t ly  
to  th e i r  teachers  fo r h e lp . The im pression o ften  gained was th a t 
they f e l t  the amount of time devoted to  the p rin c ip le s  o f c a p a c it­
ance and inductance was too b r ie f  to  allow  them s u f f ic ie n t  acquaint- 
ance w ith the theory  and i t s  a p p lic a tio n ; however, they recognized 
th a t  th e i r  A -level p rep ara tio n  was so comprehensive as to  oblige 
the teachers  to  m aintain a speed o f p resen ta tio n  which put them 
somewhat under p re ssu re . Among those who spoke o f e a r ly  learn in g  
d i f f i c u l t i e s  were those who were c e r ta in ly  consc ien tious, but 
slow in  absorbing knowledge (by comparison w ith th e i r  co lleag u es). 
By th e i r  own accounts, they p re fe rred  to  seek a ss is ta n c e  from th e i r  
f r ie n d s , or search  the tex tbooks, r a th e r  than take th e i r  problems 
to  the  te ach e r. While a measure of s e lf - r e l ia n c e  i s  d e s ira b le , 
the pup ils  should be assured  th a t d i f f i c u l t i e s  and problems,which 
may loom la rg e  in  th e i r  eyes, can be resolved more e a s i ly  and 
quick ly  by seeking the a ss is ta n c e  o f the teacher -  and, th a t  they 
may be secure in  the knowledge th a t they w ill  not be embarrassed 
by any suggestion  o f in te l le c tu a l  incompetence.
As the school pup il can not have ex tensive experience of 
p riv a te  study, i t  seems d e s irab le  fo r teachers to  recommend a 
re g u la r  procedure to  follow when study  problems a r i s e .  I t  might 
take the form of f i r s t  c a re fu lly  considering  the nature  of the 
d i f f i c u l ty  to  see i f  i t  can be removed by checking classroom n o tes; 
then a ttem pting  to  fin d  a treatm ent of the m atter in  the a'pproved
textbook; and f in a l ly ,  should those e f fo r t s  not succeed, to  consu lt 
w ith the teacher w ithout de lay .
V ocational S tu d en ts1 Problems
6.13 The vocational s tu d e n ts ' a t t i tu d e  to  learn in g  problems and 
th e i r  so lu tio n  has much to  commend i t  to  th e i r  fellow  le a rn e rs  a t  
o th e r in s t i tu t io n s :  they gen era lly  do not e n te r ta in  fe e lin g s  o f
shame or g u i l t  on account o f th e o re tic a l  m isunderstandings, but 
promptly seek a ss is tan c e  from th e i r  in s tru c to rs  whenever i t  i s  
required», I t  follows n a tu ra lly  from the le s s  formal arrangements 
of the Technical College method o f in s tru c tio n , where sm all groups 
o f day-re lease  youths a re  taught under conditions which correspond 
c lo se ly  to  the d a ily  su p erv ision  and guidance obtained from the 
more experienced techn ic ians a t  th e i r  p laces of work.
Whereas the vocational s tuden t expects to  receiv e  ready and 
w illin g  a ss is tan c e  whenever i t  i s  sought, the u n iv e rs ity /p o ly te c h ­
n ic  s tuden ts  appear to  harbour considerable doubt whether th e i r  
req u ests  fo r a ss is tan c e  would be warmly received , b e liev in g  th a t 
they might be scorned fo r la ck  o f fluency in  "basic  p r in c ip le s ."
In  some measure they s ta y  a lo o f when a ss is tan ce  i s  req u ired , 
through a m isunderstanding th a t  the S ta f f  in v a riab ly  expect persons 
a t  th e i r  le v e l of study to  work through th e ir  d i f f i c u l t i e s  on 
th e i r  own reso u rces . Some c le a r ly  do not re a l iz e  th a t  i t  i s  a duty 
-  and a primary aim of a l l  teachers  o f good w ill  -  to  o f fe r  a ss is tan c e  
in  study d i f f i c u l t i e s .  Among the u n iv e rs ity /p o ly tech n ic  studen ts  
in terview ed, few had taken problems to  th e i r  tu to rs  a t  any o ther
time than the re g u la r ly  appointed tu to r ia l  meeting, even when 
those problems appeared to  them to  be u rgen t.
The in d ic a tio n s  a re  th a t  a more open and cooperative a t t i tu d e  
should be aimed a t  between teacher and studen t in  th is  m atter of 
re so lv in g  le a rn in g  d i f f i c u l t i e s .  The studen t should know th a t 
th e re  i s  always the opportun ity  fo r  speedy access to  a teacher 
or tu to r  to  d iscuss le a rn in g  problems which might otherw ise become 
in f la te d  beyond a reasonable le v e l o f importance.
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During d iscussions w ith the school pupils® teach e rs , the 
opinion was sev e ra l times o ffered  th a t  many of the learners® 
problems and d i f f i c u l t i e s  could be avoided i f  they would only 
supplement th e i r  classroom notes w ith some conscien tious reading 
in  the p rescribed  or recommended textbooks. However, the  pup ils  
do not accep t th a t  th is  i s  so , and many o ffered  comments in  
exp lanation  of the meagreness of th e i r  read ing . They found the 
respected  o ld er te x ts  fld ry", u n a ttra c t iv e  to  people of th e i r  age, 
" d i f f i c u l t  to  fo llow ", and "too complicated" in  mathematical 
p re sen ta tio n . Some who followed th e i r  te ach e rs ' recommendation 
discovered th a t  th e i r  textbooks were "hard going", and did not 
p e r s is t  in  the e f f o r t ,  o p tim is tic a lly  hoping th a t the m atters 
under d iscu ssio n  would ev en tu a lly  be c la r i f ie d  in  the course of 
classroom work. I t  was the "Mathematics" among the pu p ils  who 
re g u la r ly  undertook textbook study: to  them much of what was
read was ju s t  an expansion of th e o re tic a l  p r in c ip le s  prev iously  
d iscussed  in  c la s s , and such m a te ria l presented l i t t l e  d i f f ic u l ty  
to  them.
Most of the e le c t r i c a l  te x ts  approved fo r school use were 
w ritte n  by p h y s ic is ts  who were alm ost c e r ta in ly  "Mathematics", 
and they p resen t th e i r  m a te ria l w ith a  b ias  which i s  n a tu ra l to  
them selves. The "V isu a lize rs"  fin d  l i t t l e  i l l u s t r a t i v e  m ate ria l 
to  s u i t  th e i r  ta s te s  in  the textbooks av a ilab le  to  them in  the 
school l ib r a r i e s ,  and few are  s u f f ic ie n t ly  m otivated to  search 
fo r a l te rn a t iv e  educational works.
6 . 1 ^
Prescribed Reading: Textbooks
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6.15 I f  teachers recognized the d if fe r in g  requirem ents o f the 
"V isua lizer"  and the "Mathematic", then they could guide each 
to  the most app ro p ria te  type of in s tru c tio n a l text* s tim u la tin g  
the **Mathematic" by d ire c tin g  h is /h e r  a tte n tio n  to  academic works 
on the next le v e l o f accomplishment; or in troducing  the "V isua lizer"  
to  the few contemporary te x ts  o ffe rin g  numerous explanatory  d iag­
rams, or to  h is to r ic a l  e le c t r i c a l  manuals heav ily  i l lu s t r a te d  
w ith mechanical analogy, w ritten  fo r  those who had no opportun ity  
to  study h igher mathematical methods.
Textbooks Appropriate to each Category
Group Reading fo r Vocational Students
6 ,16  During d iscussions w ith vocational studen ts  i t  emerged th a t  
th e i r  e le c t r i c a l  read ing  was exceedingly lim ite d . With few exfeeptions, 
they consulted  textbooks only under compulsion fo r s p e c if ic  p ro je c ts . 
Host did  not possess the n a tu ra l in c lin a tio n , nor the l i t e r a r y  s k i l l s  
necessary  to  support any su sta in ed  read ing . What they d id  read was 
u su a lly  taken from the in s tru c to rs ' hand-outs, and such notes as they 
took in  c lass  o r la b o ra to ry . One unfortunate  r e s u l t  o f th is  i s  th a t  
a s tro n g  p re jud ice  may develop ag a in s t the use o f books, and may 
become se lf -p e rp e tu a tin g  among the tech n ica l s tu d en ts . Their teachers 
a re  w ell aware of the extreme re s is ta n c e  th a t the tra in e e s  have to  
read ing  any of the  in tro d u c to ry  e le c t r i c a l  engineering te x ts ,  and 
a re  fa m ilia r  w ith th e i r  aversion  to  mathematical expressions. As
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one in s tru c to r  sa id  to  mei " I f  you ask them to  do something only 
a l i t t l e  harder than Ohm*s Lav/, they  take f r ig h t ."
As experience has shown th a t  p rescribed  read ing  i s  thoroughly 
unpopular and seldom undertaken, most tech n ica l co llege  teachers 
avoid i t .  However, the prospect o f improvement i s  a t  hand: in
the l a s t  few years th e re  have appeared vocational course te x ts  which 
can hold the a tte n tio n  o f many o f those who would r e je c t  the t r a d i t -  
io n a l e x p o sitio n s . The d i f f i c u l ty  i s  to  in troduce these to  the 
s tu d e n ts . Conversations w ith te ch n ica l co llege l ib r a r ia n s  have 
convinced me th a t they have made hero ic  e f fo r ts  to  break through 
the s tu d e n ts 1 pre jud ice  th a t  "books a re  only fo r the b ra iny  types" . 
The b e st chance o f success i s  when the tech n ica l in s tru c to rs  
accompany newly a rriv e d  s tu d en ts  to  the lib rary .^  and in  cooperation 
w ith the l ib r a r ia n ,  spend time ta lk in g  about a c a re fu lly  se le c ted , 
and p h y sica lly  sep ara ted , group of textbooks -  books which can be 
of p a r t ic u la r  value to  the course upon which they are  e n te r in g .
6 .17
The Use of Heavily I l l u s t r a te d  Texts
Both the vocational course s tu d en ts  and the school pu p ils  who
are  s tro n g  "V isu a lize rs"  could be led  in to  a c lo se r  acquaintance
w ith e le c t r i c a l  theory  i f  they were encouraged to  progress through
one o f the heav ily  i l lu s t r a t e d  e le c t r i c a l  technology books. I f  the
school or te ch n ica l co llege  teach er were to  s e t  asid e  a l i t t l e  time
each week fo r c la ss  reading  and d iscussion  of te x ts  l ik e  Basic
E le c t r ic i ty  in  the "Common Core S e rie s " , or one o f the Babani
2educational s e r ie s ,  such as Elements of E lec tro n ics  , v/hich are  
s p e c if ic a l ly  designed through memorable diagrams and uncomplicated
399
language to  make a s tro n g  impact on the novice; a l te rn a t iv e ly ,
o lder h i s to r ic a l  te x ts  could be made the su b jec t o f group
read ing , w ith the teacher guiding thfe young s tu d en ts  to  works
which o f fe r  f r ie n d ly , c le a r  commentary upon the fundamental
theory which governs so much of th e ir  p ra c tic a l  occupations.
There a re  many s u ita b le  h is to r ic a l  te x ts ,  but the innovative
in s tru c to r  could sca rce ly  choose b e t te r  m a te ria l than i s
contained in  J .  Ambrose Fleming’s inform al ta lk s  to  e le c t r i c a l  
3t r a in e e s , , or those sec tio n s  concerned w ith capacitance and 
inductance and generato rs  in  S ilvanus P. Thompson's f i r s t
¿j.
book fo r  the e le c t r i c a l  s tu d en t.
4o g
6„18 Few among the Engineering and Physics degree s tu d en ts  had 
ever complained to  th e i r  tu to r s  about the textbooks which were 
recommended to  them; y e t many o f them expressed d is s a t is fa c t io n  
and disappointm ent in  the use o f them. One comment made on 
sev e ra l occasions was to  the e f fe c t  th a t  th e ir  te x ts  had an 
excessive preoccupation w ith mathematics -  an observation  which 
probably would come as a su rp rise  to  th e i r  te ach e rs . However, 
i f  u n iv e rs ity /p o ly te c h n ic  teachers  were to  acknowledge the 
ex istence  of the two c la sses  o f s tu d en t, the m atter i s  re a d ily  
understood: the members of each c la s s  progress most smoothly
and com fortably when studying  from te x ts  which favour th e i r  
personal in c l in a t io n s .
The ,!Mathematicsn have l i t t l e  ground fo r com plaint, because 
they are  w ell served by a v a r ie ty  of sound e le c t r ic a l  t r e a t i s e s  
which are re g u la r ly  re p rin te d  and re v ise d . The "V isu a lize rs"  
fin d  more d i f f ic u l ty  in  lo c a tin g  te x ts  most h e lp fu l to  them: 
the g rap h ica lly  o r ie n ta te d  works are not re a d ily  a c c e ss ib le , and, 
as f a r  as I  could le a rn , they are  never recommended to  the 
undergraduates* However, such works do e x is t ,  and the d iscussions 
I  have had w ith many Higher Education "V isua lizers"  convinces me 
th a t these te x ts  might be consulted  advantageously by the s tuden ts  
i f  l ib r a r ia n s  and teachers were ab le  to  b ring  them to  th e i r  
a t te n t io n .  For the v is u a l iz e rs ,  works o f th is  type, both  modern 
manuals and te x ts  of e a r l i e r  y ears, could be t ru ly  v a lu ab le .
Textbooks for Degree Students
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"The "v isu a liz e rs "  wha> wish a review of electrom agnetism  
could b e n e f it g re a tly  from a perusal of Silvanus P . Thompson's 
Dynamo E le c tr ic  Machinery (l884)v w ith i t s  comprehensive 
d e sc rip tio n s  and abundance of drawings and graphic i l l u s t r a t io n s .  
They would a lso  fin d  a sym pathetic w rite r  in  W.H. Timbie, whose 
Elements of E le c t r ic i ty  fo r  Technical Students contains a 
m ultitude of diagrams of excep tional c la r i ty ,  which guaranteed 
i t s  use by generations o f s tu d en ts  a t  the M assachussets I n s t i tu te  
of Technology, Those who p re fe r  modern te x ts  could take advantage 
o f the New York In stitu^ te  of Technology's Programmed Course in  
Basic E le c t r ic i ty  (1964), an e x c e lle n tly  lu c id  trea tm ent i s  there  
o ffered  on the su b jec ts  of capacitance and inductance, presented 
through a very la rg e  number o f sm all drawings and diagram s.
A lte rn a tiv e ly , the "V isu a lize rs"  wish to  re v ise  th e i r  know­
ledge of the physical performance of capacito rs  and inductors 
could be g ra t i f ie d  by studying  the f i r s t  sec tio n  o f O sc illa to r  
C irc u its  by Thomas M. Adams (1980), where numerous i l lu s t r a t io n s  
examine the behavior of c ap ac ito rs  and inductors w ith in  p ra c t ic a l  
c i r c u i ts  by means of an exhaustive an a ly s is  o f e lec tro n  c u rre n ts , 
which are id e n tif ie d  and described  in  d e ta i l .  In  the a u th o r 's  
words: "The c i r c u i t  diagrams used a re  more than ju s t  a b s tra c t
drawings of c i r c u i t  connections -  they are concrete "working 
models" of c i r c u i t  ac tio n s  in  diagram form."
Such te x ts  are  w ell su ite d  to  "V isua lizers"  on the e a r ly  
stage  of th e i r  Higher Education programmes, but i t  i s  un fo rtunate  
th a t  th e ir  valuable q u a l i t ie s  a re  not more widely known among 
those who could b e n e f it  from studying  them. I f  th e re  was acknow­
ledgement o f the p a r t ic u la r  b ia s  o f MV isu a lize rsH a t  the Higher 
Education le v e l ,  i t  i s  l ik e ly  th a t  such works would be favoured 
by a considerable  number o f undergraduates, as w ell as teach ers , 
who would ap p rec ia te  the  advantages to  be gained from the study 
o f m a te ria l ap p ro p ria te  to  p a r t ic u la r  study h a b its .
Fundamental Principles Require More Attention
6.19 There a re  good grounds fo r  recommending th a t teachers  
should dwell longer on the fundamental p r in c ip le s  than i s  usual 
in  secondary school courses lead in g  to  A -level exam inations.
The pu p ils  tend to  skimp the study o f capacitance and inductance, 
p a r t ly  because these  appear to  be p relim inary  to p ic s  to  be consid­
ered before reaching  the in te re s t in g  e le c t r i c a l  functions o f groups 
o f components w ith in  c i r c u i t s ,  and p a r t ly  because some le a rn e rs  
may in  e rro r  suppose th a t  much o f what they req u ire  to  know about 
these devices i s  given by the formulae assoc ia ted  w ith them.
The more experienced teachers  a re  w ell aware o f the need fo r 
the pup ils  to  fa m ilia r iz e  themselves w ith the physica l p ro p e rtie s , 
the mathematical expressions, and some of the ap p lic a tio n s  o f the 
cap ac ito rs  and in d u c to rs , bu t may h e s i ta te  to  i n s i s t  th a t  th e i r  
pu p ils  pause in  th e i r  eagerness to  advance long enough to  check 
th e i r  understanding of the concepts o f capacitance and inductance.
A reco g n itio n  by school teachers  o f the two ca teg o ries  of le a rn e r , 
the ’’Mathematics’1 and the ’’V isu a liz e rs” would make i t  p o ssib le  to  
o f fe r  p a r t ic u la r  forms o f a s s is ta n c e , personally  or through textbook 
re fe ren ce , which could guide each type of pupil through a more 
thorough in tro d u c tio n  to  fundamental p r in c ip le s  in  the manner most 
ap p rop ria te  to  the p u p il’s n a tu ra l tendencies.
I t  i s  h igh ly  d e s irab le  th a t  those who can be id e n t i f ie d  as 
"Mathematics" should be given sp e c ia l encouragement to  tra n s fe r  
some of th e ir  th e o re tic a l  in te r e s t s  to  p ra c tic a l  experience with 
working c i r c u i t s ,  perhaps through the so ciab le  a c t i v i t i e s  of 
lunch-hour or ou t-o f-schoo l-hours e le c t r i c a l  co n stru c tio n  c lubs.
In  some cases "Mathematics" may fin d  the classroom work too sim ple, 
and may req u ire  the s t im u lu s  of more advanced problem -solving, 
which the teacher can supply by recommending a l te rn a t iv e ,  more 
mathematical textbooks -  o ccasio n a lly  those normally used in  
Higher Education. On the o th e r hand, the "U lsualizer" may ob ta in  
encouragement and the b e s t cond itions fo r personal study procedures 
i f  the teacher d ire c ts  h is  a t te n tio n  to  a  type of textbook which i s  
heav ily  i l l u s t r a t e d  w ith explanatory  diagrams (p o ssib ly  w ith coloured 
i l l u s t r a t i o n s ) , or ob tains the opportun ity  to  view School T elev ision  
Science programmes, or se le c ted  Open U niversity  in tro d u c to ry  electron-* 
ic s  film s.
T rain ing  Required in  C irc u it Diagram Reading
6020 A ll school pup ils  should be given some tra in in g  in  c i r c u i t  
diagram read ing . This could be introduced through the reading and 
in te rp re ta t io n  of the simple c i r c u i t s  which the pu p ils  w ill  have 
drawn fo r themselves in  the lab o ra to ry  under su p erv isio n , and 
continued by the examination o f textbook c i r c u i t s .  The hobby and 
amateur c o n s tru c to rs ' magazines could be very u se fu lly  employed to  
provide both a range o f p ro g ressiv e ly  more demanding c i r c u i t  
diagrams and in te re s t in g  d iscu ssio n  su b je c ts . There i s  a w ealth 
o f su ita b le  m ate ria l contained in  the in s tru c tio n a l courses p r in t ­
ed in  the "Everyday E lec tro n ics"  magazine which can be presented 
to  the pupils in  the classroom , analysed by the teach e r, and made 
the su b jec t o f co n sid era tio n  and d iscussion  by the p u p ils . The 
p ra c tic e  gained by read ing  and in te rp re t in g  these c i r c u i t  diagrams, 
chosen to  re in fo rce  and expand upon reg u la r classroom work, can 
only be h ighly  b e n e f ic ia l to  a l l  p u p ils .
F a m ilia riza tio n  w ith e le c t r i c a l  magazines has another advan­
tage fo r the p u p ils 1 the "V isu a lize rs"  w ill  be ab le  to  find  d iag ­
rammatical and i l l u s t r a t i v e  m a te ria l to  c la r i f y  the th e o re tic a l  
p r in c ip le s  a lread y  s tu d ied , and the "Mathematics" may d iscover in  
such p u b lica tio n s  as "W ireless World" and " In te rn a tio n a l E lec tro n ics  
World" an abundance of th e o re t ic a l  a r t i c l e s  and much numerical 
m a te ria l to  s tim u la te  and hold th e i r  in te r e s t .
I f  the teachers in troduce ap p rop ria te  e le c t r ic a l  magazines as 
a re g u la r  fe a tu re  o f classroom and lab o ra to ry  m eetings, there  w ill  be 
encouragement to  the pu p ils  to  value these p u b lica tio n s  fo r personal 
read ing  - read ing  which must co n trib u te  to  th e i r  e le c t r i c a l  education .
6«21 Because new inform ation obtained in  the classroom or 
lab o ra to ry  i s  su b jec t to  the f r a i l t y  o f memory, i t  i s  im portant 
th a t  the c h a ra c te r is t ic s  of fundamental p ro p e rtie s  l ik e  c ap a c it­
ance and inductance should be freq u en tly  rev ised . Young pup ils  
seldom recognize th is  need, so the d ire c tio n  must come from the 
in s tru c to r .  In  conversation  w ith me, teachers have acknowledged 
th is  requirem ent, but have spoken o f the heavy pressu re  imposed 
on th e i r  time and energy by the q u an tity  and v a r ie ty  of to p ics  
which they must teach , and the heavy re s p o n s ib i l i ty  o f preparing  
candidates fo r  A -level exam inations. Even when i t  i s  im p rac tica l 
to  undertake p eriod ic  comprehensive th e o re tic a l  review s, i t  i s  
worthwhile fo r  teachers  to  in troduce d iscusión  from time to  time 
- apparen tly  offhand, i t  might appear -  designed to  review and 
re in fo rce  e a r l i e r  s tu d ie s .
In  the case o f capacitance , because research  has shown th a t 
s tu d en ts  freq u en tly  merge the concept w ith the component, the 
teacher should a s s i s t  the pu p ils  to  a c le a re r  d is t in c tio n  by 
r e la t in g  capacitance to  c i r c u i t s  which do not con tain  the component, 
the cap a c ito r . A b e t te r  understanding of capacitance i s  l ik e ly  to  
r e s u l t  i f ,  in  the course o f inform al conversation , the pup ils  
le a rn  th a t a capacitance (which "V isu a lize rs’' may p ic tu re  as 
a physica l s to rage  of charge) can form whenever a p .d . e x is ts  
between two complete conducting c i r c u i t s .
Likewise, i t  i s  d e s irab le  th a t  th e re  should be, in  the e a r l i e r  
s tag es  of e le c t r i c a l  s tu d ie s , q u ite  frequent exchanges between 
pu p ils  and teachers  concerning the component, the cap ac ito r i t s e l f :
Revision of Fundamental Principles
p a r t ic u la r ly  those fa c to rs  which a f f e c t  i t s  capacitance , such 
as the area of the p la te s ,  the space between them, and the 
e le c t r i c a l  f ie ld  which can be developed th e re . Because the 
le a rn e r  who i s  not a hobby co n stru c to r may have l i t t l e  exper­
ience of the range of d ie le c t r ic s ,  i t  would be h e lp fu l to  both 
pup il and teacher to  d iscuss s p e c if ic  d ie le c t r ic  co n stan ts .
Here the p u p ils 1 in te r e s t  and a t te n tio n  might be captured by 
re fe ren ce  to  h is to r ic a l  experim ents, such as co n trib u tio n s  to  
e le c t r i c a l  science made by the experim ental measurements under­
taken by Cavendish, Faraday, and Maxwell.
Because the "V isu a lize rs"  have much tem ptation to  dwell 
on p ic to r ia l  summaries of cap ac itiv e  func tions, i t  i s  h igh ly  
d e s irab le  th a t  those who are  so id e n tif ie d  should be thoroughly 
" d r i l le d "  on the basic  formulae fo r capacitance. These should 
a lso  be encouraged to  c u lt iv a te  an awareness of the mathematical 
d e sc rip tio n  of various s p e c if ic  cap ac ito rs  in  terms o f the sub­
u n its  o f the fa ra d . Research has shown th a t "V isu a lize rs"  among 
the pup ils  tend to  be vague about measurements, even when they 
understand the b asic  functions of the cap ac ito r: th is  suggests 
th a t  i t  would be wise fo r  the teachers  to  i n s i s t  th a t  they under­
stand  the s ig n ific a n ce  o f the simple tim e-constan t form ula, T = RC, 
and r e la te  th a t  to  the 63?/° o f the charging, by b a tte ry  o r o ther 
supp ly . S im ila rly , i t  i s  very d e s irab le  th a t the "Mathematics" 
should be encouraged to  th in k  beyond the formulae, to  the under­
ly in g  physical co n d itio n s , which i f  considered in  d e ta i l  can prove 
as complex and in te l le c tu a l ly  s a t is fy in g  as the equations which 
govern them.
Relating Capacitors to Practical Uses
6.22 I t  i s  recommended th a t teachers should attem pt to  convince 
th e i r  pup ils  th a t  th e i r  s tu d ie s  a re  not a b s tra c t e,xercises with 
the primary purpose of passing  a requ ired  examination, but th a t  
the fundamental th e o re t ic a l  p ro p e rtie s  which they study have a 
r e a l - l i f e  re levance . I t  would be h e lp fu l i f  in=the lab o ra to ry  
the pup ils  could be introduced to  a range of ty p ic a l cap ac ito rs  
in  reg u la r use in  common c i r c u i t s ,  and be shown the opera tion  
o f those c i r c u i t s .  The p u p ils  ap p rec ia tio n  of the nature  and 
functions o f the component w il l  be heightened when th e i r  a t t e n t ­
ion  i s  drawn to  the a c tio n  of cap ac ito rs  in  fa m ilia r  equipment 
in  everyday use, such as the suppressors f i t t e d  to  k itchen  
and,< garden to o ls ; e le c t r o s ta t ic  loudspeakers; and the cap ac itiv e  
michrophones a ttached  to  th e i r  p o rtab le  tap e-reco rd e rs .
6.23 The many students who spoke of their lack of confidence 
in their understanding of the phenomenon of inductance gives 
support to my belief that school, pupils would welcome the revis­
ion of inductive theory at intervals throughout their A-level 
preparation. Because inductive circuits are so numerous, and the 
principles are inherently more complex than those of capacitance, 
my recommendation is that regular revision should take the form 
of a thorough theoretical and practical reconsideration of such 
circuits as the pupils have reached at that particular time.
Back-e.m.f. Should be Related to Motors and Generators
6 , 2 k  As many students do not appreciate that inductance can 
exist in every situation where there is a changing magnetic field 
associated with a complete metallic circuit, it is worth stressing 
that every current-carrying wire must be associated with some 
measure of inductance. Another fact worth emphasizing is that 
it takes time for a current to create an observable magnetic 
field: that, once understood, tends to ease the students’ diffic­
ulties in appreciating inductive behavior in a.c. circuits .
Conversation with the pupils suggest that they can confuse 
some of the characteristics of inductance with capacitance. A 
very satisfactory discriminator would be a memory drill to the 
effect that an inductor opposes any change in current through a 
circuit - in contrast with a capacitor which opposes any change 
in voltage across a circuit.
Regular Revision of Inductive Principles
School pupils generally find difficulty in appreciating 
the full significance of backe.m.f., even although they may 
know of the expanding magnetic field cutting the current-carrying 
wire. It is desirable that they should be encouraged to think 
of back e.m.f. in operation by means of both theoretical commen­
tary and practical demonstration of its application to motors 
and generators; and, be given the, opportunity to observe the
energy storage characteristics of an inductor by witnessing the
)conditions when a large inductive circuit is suddenly broken, 
and the energy contained in the coil’s magnetic field is converted 
into a high voltage (and, probably, a spark is seen at the switch).
Transformer Action Should be Studied with the Oscilloscope
6.25 It is also desirable that a little more time should be devoted 
to the study of transformer action, so that those about to enter upon 
higher education would have more than just an acquaintance with the 
"turns ratio". The basic principles of induction related to trans­
formers can be considerably simplified if laboratory demonstration 
can be arranged with groups of pupils following the oscilloscope 
wave-forms while the teacher offers a running commentary on the 
current paths of both primary and secondary coils«'For those pupils, 
who are "Visualizers" this is the very best method of creating a clear 
and lasting impression of mutual inductance. By the same demonstration 
it is possible to convince the "Mathematic" that visual representations
of electrical phenomena can be a sound means to identify 
conditions which may also be determined by mathematical formulae.
Relating Inductors to Practical Uses
6.26 I recommend that the theory of inductance be constantly 
referred to its practical applications, and that in both classroom 
and laboratory,the electromagnetic operation of motors and generators 
be related to basic inductive conditions. It is also desirable that 
the enormous utility of inductive circuits should be stressed by 
analysing the functions of inductors in familiar equipment, such 
as car spark-plugs, radio tuned-circuits, power supplies for portable 
tape-recorders, and the magnetic sound-heads of the same machines.
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It is certainly a challenge to teachers to capture and hold 
the attention of young learners when introducing fundamental 
electrical properties. It seems best to undertake most of the work 
on capacitance, inductance, and electromagnetism in the laboratory 
where there is the prospect of excitement and novelty, and the 
opportunity for an active involvement not possible in the classroom®
In order to make the greatest impression on the learner, whether 
school pupil or vocational trainee, it is desirable to call upon some 
of the historical background relating to the scientific investigation 
of these phenomena, explaining the circumstances which inspired the 
great pioneers to investigate these properties, which today may be 
taken for granted.
The early writers on electricity appreciated the advantages of 
bringing the achievements of the past to the attention of their 
students, and they stressed the continuity of experiment. Maxwell 
did so in his Treatise, and Silvanus P. Thompson had introduced 
much historical reference into his Elementary Lessons in Electricity. 
Subsequently, Professor Jamieson had b;een at pains to refer to the 
classical experiments of Ampere, Faraday, Ohm, and Lena in his 
writing; and in turn, W.H. Timbie included much historical material 
to keep alive the learner's interest in his Elements of Electricity 
for Technical Students. The inspirational value of historical 
accounts was equally understood by influential 20th century educators 
such as Richard Gregory (Discovery or the Spirit and Service of Science, 
1916) and T.P. Nunn (Education: Its Data and First Principles,1920)*
both of whom warmly advocated its use®
6.27
Historical Experiments to Aid Learners
I suggest that to heighten the learners1 curiosity and 
interest, some of the major experiments carried out by Oersted, 
Ampere, Faraday, Henry, and others should be repeated in the 
laboratory before the students* It would be possible to link 
together a number of these historical experiments which could 
both demonstrate the development of electrical knowledge, and 
the continuing importance which these fundamental principles 
have for modern learners*
It would be advantageous to pupils to witness a demonstrat­
ion of Oersted's 1820 discovery of the interaction of electricity 
and magnetism, where a current-carrying wire deflects a compass 
needle at the make or break of the terminal* They could be 
advised of the very great significance of the magnetic field created 
by the current flow, and reminded that basically the same effects 
observed in Oersted's experiment govern the operation of the volt/ 
amp meters which they will use in many of their own laboratory 
measurements. Similarly, the magnetic attraction and repulsion 
which is exerted by the fields around parallel current carrying 
wires could be shown in repetition of Ampere's discovery (also of 
1820), and the point stressed that this principle underlies the 
electric motor upon which so much of modern life depends.
At a very early stage in the learner's introduction to 
laboratory procedures the teacher could offer a modern simplific­
ation of Ohm's 1827 experiments which conclusively proved the 
relationships between voltage, current, and resistance; and they 
could be made aware that not only did Ohm's experiments provide a 
firm basis for a great deal of research which followed, but is 
still essential formula for D.C* calculations which they will use.
b \3
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Few pupils could fail to be impressed by the Faraday discoveries 
of 1831, and if some of these were demonstrated in the school lab­
oratory with a little historical commentary, it could stimulate the 
young learner's curiosity and assist the memory of their significance« 
With very little apparatus the teacher could recreate Faraday's 
momentous experiment, the induction of current, by plunging a magnet­
ized bar into a coil attached to a meter. The pupils could be told 
that it is virtually the same action which operates their own cycle 
dynamo; and that Faraday's experimental research ultimately led to 
the world-wide generation of electricity.
The pupils might be led to an acquaintance with mutual induction 
through one of the most important of all electrical experiments, 
Faraday's Ring/Induction Experiment, where a current is induced in 
the secondary coil by the magnetic field of the primary, excited 
by the making or breaking of a battery ( or the moving proximity of 
a magnet). The pupils attention and interest could be attracted by 
a repetition of some of the experiments which Henry carried out at 
about the same time with induction through multiple coils, and with 
step-up and step-down transformer windings (an arrangement which he 
invented in 1838).
The principles of self-induction are likely to be more readily 
absorbed if the learners know something of Faraday's 183  ^research 
with the energy stored in the magnetic field of a coil, and see a 
demonstration of the sparks and magnetic needle deflections when 
the current is broken. Those laboratory experiments might be made 
the more memorable if the teacher v/ere to read appropriate extracts 
from Faraday's notebooks for November 183 •^ It would also be 
possible to give Joseph Henry credit for his independent research 
on the effects of back-e.m.f, when the name of the unit of inductance 
is given. His experiments two years before /Faraday's may jointly
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share the honour of laying the foundations and subsequent develop­
ments in pov/er supply, communications, and enumerable electrical 
engineering operations.
When the pupils are first introduced to the property of 
capacitance, some of Faraday's experiments of 1836/? with static 
electricity using insulated vessels could be repeated; and, in 
particular the demonstration concerned with the investigation and 
measurement of specific inductive capacities might go a long way 
towards illustrating a topic frequently misunderstood by the 
learners»
The young pupils may well assimilate the principles of series 
and parallel circuits more easily, if they were explained and 
demonstrated within the context of Joseph Henry's discoveries of 
the uses of these circuit arrangements while working on the improve­
ment of the basic electromagnet during the years 1827/30, The 
demonstration of the difference in attractive force resulting from 
different circuit arrangements would undoubtedly attract interest.
Electromagnetism can have special attractions to the mechanical­
ly minded younster who discovers that its fundamental principles 
can be studied through the electric motor. There is a good opportun­
ity to capture the pupils' attention by demonstrating the most 
primitive form of electric motor by repeating Faraday's early elect­
rical experiment of 1821, when he succeeded in rotating a current- 
carrying wire about the poles of a magnet. The pupils could be also 
shown how Henry operated an electric motor using two electromagnets 
with a reciprocal action controlled by his invention, the commutator, 
which subsequently became an essential component in D.C. motors 
and generators.
4l6
To relate the fundamentals to contemporary interests
Another laboratory activity which could prove valuable 
for the creation of vivid memories of component functions, and 
the application of theoretical principles of capacitance and 
inductance, is the extended analysis of practical apparatus 
known to the students; such as a consideration of the principles 
of radio wave transmission and reception by a superhet system 
(described by "Nichol" in Extract No. 38). I strongly recommend 
that such laboratory circuit analysis be concerned with equipment 
which is personally used by the young people. The ubiquitous 
nWalkman"-type personal tape-player provides an ideal subject.
A simplified commentary could focus attention on the capacitors 
and inductors of the power supplies; the amplifier blocks; the 
filter circuits; the pre-emphasis oscillator; the inductors 
which form the tape-heads; and the electromagnetic principles 
employed in the operation of the loudspeaker or headphones.
Proscribed Reading for particular categories of Students
6 .2 8 Some teachers told me that they know no entirely satisfactory 
textbook and do not make "prescribed reading" recommendations to 
their A-level students. Hovrever, because there is now a wide range 
of electrical education texts available, I believe that it is possible 
to locate suitable sections or chapters from a number of publications 
which will satisfy the most critical teachers.
I recommend that prescribed reading should be made a regular 
feature of electrical education: it trains the pupil in independent
study, and can introduce him/her to alternative presentations and 
viewpoints, and may offer suitable explanations to troublesome dif­
ficulties . It is my opinion that teachers should frequently read 
some relevent portions of recommended texts with the students in 
class, and invite questions for discussion. This can give an excel­
lent opportunity for pupils to bring forward unresolved problems, 
or seek the clarification of doubtful matters carried forward from 
earlier classwork or personal study.
Recommendations for Historical Reading
6 .2 9 The teacher who recognizes the categories of "visualizer"
and "Mathematic" is better able to direct his students to textbooks 
of a type most appropriate to their preferences and study habits; 
and, with the expenditure of a little time he can prepare for such 
recommendations by becoming familiar with contemporary and historical 
electrical educational texts which are likely to be attractive to 
each type of pupil.
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The "Mathematic" pupil who has exhausted the exercies 
and numerical problems of the prescribed reading, might be 
directed to the excellent chapter on Inductance in the 1910 
Textbook of Physics edited by A.W. Duff, where there is a 
clear mathematical exposition of the historical progress of 
experiments from Faraday to Helmholtz; or, he may be referred 
to the 1972 Feymann Lectures on Physics, by P, Feymann.
Similarly, the "Visualizer" may be well served by
reading sections of Electronics for Today and Tomorrow by 
7Tom Duncan where he can benefit by studying the numerous 
coloured diagrams® The Teacher who appreciates the advantages 
which a person of graphic tendencies can obtain from extensively 
illustrated textbooks, will investigate some of the less widely 
known textbooks, and will be rewarded by the discovery of several 
which are specially suited to the tendencies of the "Visualizer",
Among the very best of these are Phillip Kogan's A Secondary Book 
of Physics (196^), and The Cathode Pay Revolution (1966).
It is very desirable that teachers and school librarians 
should make the rich and varied range of electrical education texts 
known to their pupils, and encourage the habit of reading: recommend­
ing them to consult these publications in the public libraries, when 
the works concerned are historical; and, whenever possible, obtaining 
them for school libraries - by purchase if finances permit - and by 
interlibrary loans, if they do not.
% 9
Notwithstanding the current preoccupation with computer and 
microprocessor technology, the works managers and training officers 
in industry have repeatedly told me that when considering the 
employment of new recruits, what particularly concerns them is the 
analog area: they are interested in people with a basic knowledge
of the fundamentals; who have an understanding of the principles 
of electromagnetism, and who know about components, and are familiar 
with the uses of resistors, inductors, capacitors, etc.
At present it would seem that while many of the vocational 
students in training would reach very satisfactory levels in 
practical skills, their theoretical background is likely to be 
below the standard necessary to those who wish to advance with reason­
able speed in the world of industrial electrical engineering.
This inquiry suggests that the key to improvement in this area is 
the greater use of the appropriate technical training electrical 
publications.
Overcoming Vocational Students Reluctance to Read
6.30 It is my recommendation that a major effort be made by both 
technical college teachers and college librarians to overcome the 
prejudice of the vocational trainees to the regular use of the 
library for consultation and extended reading. The books and 
magazines which are capable of holding their attention exist, but it 
is not easy to convince the youngsters who have not developed the 
habit of reading that they can gain much from making their acquaintance.
The sympathetic librarian can help allay the vocational student’s 
anxieties by demonstrating how a subject index can lead him to magazines 
and articles on subjects of interest to him; and the teachers can simil­
arly locate for him a range of specially-written textbooks which deal 
with topics of the course work from the visually emphatic, practical, 
point of view.
Recommendations for Group Reading
6.31 Recognizing that so many of the trainees do not have any higher 
mathematical skills, teachers can make use of both historical and 
contemporary works which have been deliberately designed to present 
electrical fundamentals in the ”non-mathematical manner.” I recommend 
that class reading and discussion of these texts should have a place 
on the timetable. Most teachers feel the necessity of covering the 
basic electromagnetic theory in the classroom at the blackboard, and 
of demonstrating its application in the Moratory,but the group examin­
ation and discussion of heavily illustrated 'texts can serve as a rein­
forcement and review of that work.
Among historical textbooks which could supply valuable informat­
ion on electromagnetism related to motors and generators, few would 
serve the vocational students better than Elementary Lessons in Electricity 
by Silvanus P. Thompson (1895)* with its very clear explanatory comments 
in unassuming language. The considerable numbers of vocational trainees 
with ”Visualizer” bias would certainly learn a good deal about the
*f21
fundamental principles from the wealth of diagrams introducing 
mechanical analogies in Oliver J. Lodge's The Modern View of 
Electricity (1889)« Such works could be supplemented by the 
progressively more mathematical treatments offered in Basic 
Electricity and Circuit Concepts written by the Texas Instru-
g
ments Learning Centre.
Because there is a large quantity of valuable material 
contained in the historical texts, a progressive publisher or 
editor might be persuaded to produce an anthology of writings 
by the electrical pioneers. It could take the form of reprints 
of vitally important research papers glossed by a commentary 
which liiiks the fundamental discoveries with the modern applic­
ations; or, alternatively, it could be arranged on the basis 
of chapters (or portions) on particular phenomena from the text­
books of the pioneer electrical educators. Such an anthology 
could be usefully employed by both vocational and academic instit- r  
ution teachers, who could read selections in class or laboratory.
It would allow them to recreate something of the discoverer's enthus­
iasm among the youthful learners, and at the same time demonstrate 
the continuity that exists between fundamental research and contempor­
ary developments.
6.32 The university/polytechnic students in their first and second 
terms of Engineering or Physics degree courses commented much on 
their early experiences of Higher Education, connecting those with 
the preparation they had received at school. They offered thoughtful 
recommendations for changes which might make for a smoother transit­
ion from supervised schoolwork to independent studies.
6-33 One frequent and strongly felt need was for an introductory 
course, at the start of their degree courses; or, for modifications 
to those programmes which are presently in operation. The benefits 
which a well-designed introductory course can bring are indisputable, 
and from the information offered by some of the interviewees, it is 
clear that had such an induction programme been available to them, 
it would have made their first few weeks less trying and education­
ally more rewarding, and would have provided a firmer base from which 
to progress more quickly, than otherwise would have been the case.
Introductory Courses in Higher Education
The introductory course should not be just a brief token 
convention where inspirational addresses are given, but a tightly 
organized series of classroom and laboratory meetings extending 
over one or two weeks. The reservation of these periods would not 
be "stealing" valuable time from the term's allocation, but would 
enhance the likelihood of effective learning and teaching within
the remaining weeks. Such an introductory course can offer an 
opportunity for revision of studies not sufficiently examined at 
school, or half-forgotten in the interval since A-level examination 
preparation; moreover, it can allow those teaching on the degree 
courses to present to the new students something of the institut­
ion’s approach to classroom and laboratory work. Very importantly, 
from their knowledge of the topics which in the past have caused 
"freshers" difficulties, the teachers can guide the new students 
away from misunderstandings and unreliable methods.
Such introductory courses should certainly offer a thorough 
review of both inductive and capacitive theory, including a.c. 
reactive phenomena, and should use oscillocope demonstrations, 
which are so vital for the "Visualizers". Similarly, the fundam­
ental principles of electromagnetism as related to motors and gen­
erators, require to be presented to the "freshers" with an abund- 
ance of explanatory diagrams in the classroom, and that theory should 
be given practical realization in the laboratory by means of run­
ning commentary on working models.
6,3*f The teachers and demonstrators, recognizing that some of their 
new students will be woefully ignorant of components and their 
electrical and mechanical arrangement in circuits, should patiently 
undertake some basic practical instruction and introduce their 
students to an analysis of the simplest circuits, resisting the 
temptation to dismiss such activities "because they are the proper 
business of the school teacher,"
As some students carry a prejudice against practicáis from 
their schools, and others have never approached the laboratory 
work with personal enthusiasm, it is desirable for the staff to 
attempt to convince the newcomers that their practical activities 
will serve a useful purpose, and that they will profit from them.
In large part, that might be achieved by more extended introductory 
commentary linking the principles of experiments to theory - and 
to the recognizable practical applications outside the laboratory.
It would be highly advantageous if, on the first visits of 
the newcomers to the laboratory, a nunber of simple circuits, of 
the type later to be met with in experiments, could be built from 
discrete components in front of the students, accompanied by an 
explanatory account of the electrical functions which the individ­
ual devices perform within the circuit. Such demonstrations might 
most usefully be repeated at intervals throughout the first term 
as the circuits under discussion advance in complexity.
4a4
Practical Introduction to Simple Circuits
Consideration of Solid State Devices
6.35 It is recommenclat'ed that the introductory course should 
also consider the basic characteristics of solid state active 
devices which will be met in forthcoming laboratory experiments, 
and that the new students, some of whom v/ill never have had any 
experience of transistors, be guided through a number of simple 
amplifier and switching circuits.
If university/polytechnic teachers acknowledge the tv/o 
categories of students, then even those engaged upon lecturing 
to the first year Physics undergraduates will be able to apprec­
iate that not all their students follow by nature a rigorously 
mathematical method, and may go a considerable distance to meeting 
the complaints of many "Visualizers" that the classroom treatment 
of electromagnetism is abstract, excessively concerned with manipul­
ating theoretical equations, and remote from real-life practicalit­
ies.
Notwithstanding the well-understood problem of accommodating 
large numbers of first year students, it is highly desirable that 
every effort should be made by the course planners to synchronize 
lectures and laboratory work, so that theoretical teaching in the 
lecture room can be succeeded quickly by laboratory experiment 
which incorporates and demonstrates those electromagnetic principles 
- preferably employing circuits which can be associated with the 
interests and experiences of those of university entrance age.
Those beginning Physics and Engineering courses have occasion . 
to think more seriously about the electrical textbooks than ever 
before. Those who had retained their school textbooks viewed them 
with both an appreciation of their relatively simple expositions of 
fundamental principles, and with a more critical disposition towards 
their failings. Many of the new students expressed dissatisfaction 
with the textbooks recommended for their courses. This was partic­
ularly true of the "Visualizers", a considerable number of whom, 
both beginning Physics and Engineering, confided to me that they 
considered these approved books to be unnecessarily complicated 
for those recently accustomed to school-level works, and inadequate­
l y  supplied with clear graphic illustrations. Some had the impress­
ion that those recommended books, once listed, were forgotten by the 
Staff - at any rate, few had been referred to any particular sections 
of them as a means to ease difficulties. It was the more curious 
and intellectually active students who located helpful texts for 
themselves, and communicated their discoveries to fellow students.
Reconsideration of Older Textbooks
6.36 There is undoubtedly an opportunity here for university/polytecjinic 
teachers to materially assist their students by first familiarizing 
themselves with a wider range of textbooks, and thereafter directing 
students of a particular bias to appropriate educational works.
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I consider that it would be advantageious if university/ 
polytechnic teachers were to advise their students that the 
treatment of capacitance and inductance offered in some of 
the older textbooks might be consulted with benefit, and that 
they should commend some of these texts which they know to be 
accessible in local reference libraries.
It may be objected that it is the responsibility of the 
students in Higher Education to find their own texts. That is 
only partly true: the naievety and inexperience of the new
students must be taken into consideration, and the teachers 
should be prepared to guide them to a variety of works of high 
quality and particular usefulness, from which they can later 
make personal choices to suit their needs and inclinations,
6.37
Recommendation of Textbooks Specifically for "Visualizers" and "Mathematics”
If during the introductory course, or very shortly thereafter, 
a tutor identified "Visualizers" and "Mathematics11, then he is in a 
better position to make textbook recommendations appropriate to 
individual students than if he did not take that bias into account.
A Physics tutor who had noted one of his new students as a "Visualizer" 
might direct his attention to W.J. Duffin's Electricity and Magnetism 
or, P. Lorraine and D.R. Corson's Electromagnetism: principles and
applications;"* alternatively, if a person was identified as a
2^8
"Mathematic", he might recommend the much more mathematically
intense text by B.I. and B. Bleaney, Electricity and Magnetism,
or P. Lorraine and D. Corson's Electromagnetic Field and Wave
Particles.3'0 Similarly, an Engineering tutor might recommend
to a "Visualizer" R.J. Smith's Circuits, Devices and Systems,11
but consider that a "Mathematic" would be better served by
12the more mathematically rigorous Electrical Technology by
Edward Hughes.
I believe that university/polytechnic teachers should
recognize another area of weakness which might be corrected
by suitable reading: that a proportion of their new students
urgently require to obtain some basic information on solid
state devices. They should be prepared to provide them with
the particulars of a number of reliable introductory texts, such
as A Practical Introduction to Electronic Circuits by M.H.
13Hartley Jones or, the Programmed Course in Transistors 
published by the New York Institute of Technology. They should 
also bear in mind that more than a few of their beginning students 
may be handicapped in their studies because they can not adequately 
read, or misunderstand, the circuit diagrams which they must use. 
These persons could be referred to such texts as The Beginners
1-tfGuide to Reading Circuits by J. Traister and Understanding
15Electronic Schematics by John D. Lenk.
I believe that a considerable proportion of the problems 
and difficulties suffered by the first and second term degree 
course students could be quickly resolved if they sought the 
advice of their tutors without delay (and the latter made 
themselves readily available). There is certainly a need to 
encourage the nev/comers to confide more in their tutors, and 
to overcome their reluctance to "intrude" on the tutors* time. 
Without such early tutorial assistance, there is the danger 
that the novice may become involved in time-consuming 
searches in the textbooks, when that time might be better 
spent in advancing their studies.
This study has revealed some of the reasons for the difficulties 
which many learners experience at some time in their study of capacit­
ance, inductance, and electromagetism related to motors and generators, 
and also why, for a proportion of them, these difficulties may persist 
into the early stages of their Higher Education, or initial industrial 
training*
The reminiscences of the interviewees indicate that the concepts 
are complex, take more time to grasp, and require more personal 
reflection, than is often supposed among educators. There are grounds 
for suggesting that these principles should be examined more closely, 
and covered more slowly, and revised more frequently than is presently 
the case.
It was found that some of the problems and difficulties exper­
ienced can be related to the individual’s tendencies as a "Visualizer" 
or a "Mathematic"; for, each responds best to instruction and education­
al literature which corresponds more closely to his bias. The initial 
interest and continuing conscientiousness of the learner can be very 
much affected by the manner in which the fundamental principles are 
offered: the "Mathematic" may easily grow bored by a series of
mechanical analogies, and without numerical stimuli to exercise his 
particular intellectual bias, can withdraw his concentration. Similarly, 
the "Visualizer" whose interest is not sufficiently excited by graphic 
material or physically observed experiment, may absorb the new knowledge 
only slowly and imperfectly.
i#L
If the recommendations which have been suggested are put 
into practice, it seems likely that fewer beginning Physics and 
Engineering undergraduates will find themselves under stress, 
and fewer technical trainee recruits to industry will experience 
traumas occasioned by the inadequacies of their preparation.
At all levels of electrical education there will be considerable 
benefit from the recognition of the contrasting characteristics 
of the "Visualizer" and HMathematic", and the share of the teacher 
will not be less than that of the student.
This research programme has revealed a new area for educational 
investigation: it is to be hoped that more inquiries will follow,
and in particular, that the quantitative aspects will be undertaken 
by a "Mathematic".
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positive potential.
18. The other two being, Programmed Course in Basic Electronics, 
and Programmed Course in Basic Transistors.
19. Three years ago I called at the New York Institute of Technology 
and there discussed these programmed texts with membex-s of the 
Electrical Engineering staff. They told me that the texts had proved 
extremely valuable in practice. They are now recommended to all 
students as a preliminary study in advance of joining any of the first 
year courses.
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